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Chapter 1 
General Introduction  
 
1.1 Recent progress in computational chemistry 
 
Owing to the advanced progress of the computer science and the quantum chemistry, the 
chemistry is getting the power of deductive reasoning in predicting the physical 
properties from the chemical structures. Is that true? It is true that theoretical 
calculations are used in many of the papers in chemistry, however, theoretical 
calculations are used as an ad hoc tool for supporting or explaining experimental results 
in many cases. Using theoretical calculations in this way have contributed to improve 
the science and the collaboration between theoretical and experimental chemists has 
brought about significant results. The research on the one-way isomerization of olefins 
was one of the examples. 
 Since the discovery of the one way cis-trans isomerization in 1983,1 a great deal of 
experimental studies were performed by Tokumaru et al.2–5 The discovery opened the 
new region in photochemistry and inspired many chemists to explore the relationship 
between chemical structures and the phenomena. The one way cis-trans isomerization 
of substituted olefins via excited triplet and doublet states have been extensively studied 
experimentally up to now. The enormous experimental results contributed to classify the 
isomerization mechanism into “the one-way” and “the two-way” according to the 
substituents in the olefins.6 
 From the theoretical viewpoint, several of the reaction mechanisms were revealed 
through the ab initio triplet potential energy curves7 and the multi-reference CI 
calculation of potential energy curves8 around the olefinic C-C bonds. The theoretical 
studies were applied to analyze the mechanism of the one-way isomerization for 
stilbene cation radicals (See Fig. 1.1). The theoretical results supported the 
experimentally proposed isomerization via the upper excited doublet states. The 
theoretical approach was effective in revealing how the chemical structures govern the 
potential energy curves in the excited states of the one-way isomerization. 
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Figure 1.1. The one-way cis-trans isomerization of stilbene cation radicals. 
 
 For the past two decades, density functional theory (DFT) and constrained DFT 
(CDFT) implemented in the Gaussian9 or NWChem programs10 have grown powerful 
tools for analyzing chemical phenomena and used to clarify the experimental hypothesis. 
The user-friendly software have contributed to remove the wall between the theoretical 
and the experimental chemistry. The population of chemists who use the method of 
computational chemistry is growing more and more. 
 At present, the K supercomputer was used to screen nearly 19 billion combinations of 
compounds and proteins in about six hours.11 This is a powerful tool for drug design 
technology in the pharmaceutical industry. In the field of the material science, logical 
design of materials will inspire chemists by predicting desirable properties of new 
compounds through theoretical approaches. This in-silico-first technology will enable to 
transform the style of the development of materials. The perfection of the technology 
leads to establish the speedy and reliable development of materials. The development on 
the photographic materials in the following section is recognized as our proto-type 
research of in-silico-first technology in the material design.  
 
1.2 The development of photographic materials 
 
In the industry of the color photography, the silver halide color photographic 
light-sensitive materials have been developed until the early 2000s. In the photographic 
products, stable three primary colors (cyan, magenta and yellow) have to be reproduced 
through specific dyes.  
 For example, 1H-pyrazolo [5,1-c]-1,2,4 triazole azomethine dye (PT dye) was used as 
a magenta dye for color papers since 1980s (See Fig. 1.2). At that time, the PT dyes 
have good spectral absorption, while the image stability has to be improved in 
comparison with other colors. The dye is composed of a specific nucleus and a ballast 
group which inhibit the diffusion of the couplers into the adjacent layers. The functional 
ballast have to be designed to improve the image stability by synthesizing new magenta 
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couplers; the precursors of the dyes.  
 The photochemical behavior of the PT dye was analyzed using semi-empirical PM3 
method.12 Calculated heats of formation for the reaction of the dye with 1O2 predicted 
the most reactive positions for an attack by 1O2. It was suggested that a ballast group 
which could cover the dye nucleus is necessary to prevent the Diels-Alder reaction with 
1O2. Under this prediction, new chemical structures of ballasts which could form an 
intramolecular hydrogen bond were designed (See Fig. 1.2).13,14 The above theoretical 
results contributed to create new hypothesis and gave us hints to design new ballasts in 
magenta couplers. It also motivated those who synthesize the couplers. The above 
hypothesis was confirmed by the experimental results of 1H NMR chemical shifts of a 
sulfonamide proton by changing the concentration of the dyes. Some new magenta 
couplers improved the image stability and one of them with outstanding image stability 
(See Figure 1.2) was introduced in Konica Color QA Paper in 1991.  
 In the similar way, the development of timing development inhibitor releasing (DIR) 
couplers for color negative films using the computational chemistry was reported.15 A 
timing DIR coupler releases a precursor of a development inhibitor (DI), providing a 
good inter-image effect in color photographic materials. Enthalpy differences in 
releasing the DI of uracilmethide and quinonemethide timing groups were calculated 
using semi-empirical AM1 method. The enthalpy differences were found to correlate 
well with rate constants of releasing DIs in both of the timing groups. Based on this 
correlation, new quinonemethide precursors with an appropriate releasing rate of DIs 
were designed. One of the DIR couplers with excellent inter-image effect, JX-DIR 
coupler (See Fig. 1.3), was introduced in Konica Color JX-400 in 1996.16 
 These theoretical approaches accelerated to commercialize the photographic materials. 
In the following section, more sophisticated approach using in-silico-first technology in 
the development of the OLED material design for blue host materials and emitters are 
described. 
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Figure 1.2. The structure of a magenta dye and the hypothesis for improving the image 
stability of the dye. 
 
 
 
Figure 1.3. The structure of a DIR coupler. “S-R” represents a development inhibitor. 
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1.3 The development of OLED materials 
 
The first organic light-emitting diode (OLED) device dates back to 1987 by C. W. Tang 
and S. A. VanSlyke (See Fig. 1.4).17 The multilayer device structure fabricated by 
evaporation was revolutionary. Tris(8-hydroxyquinolinato)aluminium (Alq3) was used 
as a fluorescent emitter and an electron transporting material. A triphenylamine 
derivative (TAPC) was used as a hole transporting material.  
 The first practical application of OLED with green emission of Alq3 was successful 
by Pioneer Inc., in 1997 as “a visual information radio”. Since then, the market of 
smartphone display, OLED TV, lighting and illumination has gradually grown for the 
past two decades. In comparison with the system of color photography containing many 
additives in a thin layer, the system of OLED is not so complicated. Although emissive 
layers have at least two materials (host materials and emitters), the hole-transporting 
and electron transporting layers are usually composed of only one material. This simple 
structure of OLED is thought to be effective in accurate reproduce of the physical 
properties through theoretical chemistry. 
 As is shown in Fig. 1.5, for the fluorescent OLEDs, which are able to harvest 25% 
singlet excitons, the external quantum efficiency (EQE) is theoretically limited to 5%. 
As a result, the fluorescent system suffered from the low efficiency. The second 
generation of OLED started by the discovery of ortho metalated complexes which emit 
phosphorescence at room temperature due to the heavy atom effect of iridium or 
platinum. 
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Figure 1.4. The first OLED device structure and the compounds in the device. 
 
 
 
 
 
Figure 1.5. Difference of the internal quantum efficiency between fluorescent and 
phosphorescent emission system. 
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Figure 1.6. Representative OLED materials. NPD is a hole transporting material, BCP is 
an electron transporting material, CBP is a host material, DPVBi is a fluorescent emitter 
and iridium complexes are phosphorescent emitters. 
 
 Since the discovery of phosphorescence emitting properties at room temperature of 
ortho metalated iridium and platinum complexes, considerable attention has been paid 
to develop phosphorescent emitters with high physical properties of organic 
electroluminescent devices.18–20  Phosphorescent emitters whose theoretical internal 
quantum efficiency is 100% have enhanced the emission efficiency and reduced the 
power consumption of OLED in comparison with the device fabricated from blue, green 
and red fluorescent emitters.21  Owing to the advancement of phosphorescent emitters, 
the EQEs of the green and red phosphorescent emitters are reported to exhibit as high as 
20% and some of the green and red phosphorescence emitters have been applied to the 
commercialized products.22–25 However, the development of the blue phosphorescent 
emitters with high efficiency and operational stability remains challenging. Unlike 
green and red phosphorescent emitters, the energetic level of the lowest lying triplet 
state of blue phosphorescent emitters is close to that of the metal-centered non-emissive 
d-d state, the emission is easily to be quenched and lead to poor performance.26–29 Thus, 
the appearance of highly effective and durable blue phosphorescent emitters is expected 
to realize energetically effective white light sources that are alternative to incandescent 
lamps. 
 The long emission lifetime of phosphorescent emitters to the extent of microseconds 
induces triplet-triplet annihilation at high current and triplet excitons diffuse into the 
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adjacent layers, which results in quenching the adjacent layers.30, 31 This is one of 
drawbacks of phosphorescent emitters in contrast to fluorescent emitters with the 
emission lifetime in the order of nanoseconds. As a result, phosphorescent emitters 
should exist apart with each other. Hence, practical use of phosphorescent emitters 
(guest) needs separators, i.e., the host materials. This host-guest system in the emission 
layer is also effective in preventing concentration quenching of phosphorescent emitters. 
Therefore, not only phosphorescent emitters but also host materials influence OLED 
performance considerably. 
 Host materials in the emission layers necessitate the following requirement. (I) they 
should have higher triplet energy than that of the phosphorescent emitters in order to 
inhibit back energy transfer and confine the triplet excitons in the emission layer. These 
high triplet energies naturally require wide HOMO-LUMO gaps (triplet energies are 
relevant to HOMO-LUMO gaps). (II) the energetic arrangement of HOMO-LUMO 
energies between layers should be suitable for effective charge injection into emission 
layer. (III) high glass transition temperature (Tg) is a crucial requirement for stabilizing 
film morphology and inhibiting crystallization. (IV) bipolar properties are beneficial to 
a balanced charge transport into the adjacent layers. Carbazole derivatives containing 
triphenylamine and pyrrole groups are major compounds as the host materials with 
bipolar property. 
 Above demanding requirements ensured the quality of carbazole derivatives as a 
leading host material and one of the derivatives, 4-4'-bis(9-carbazolyl)-1-1'-biphenyl 
(CBP) has been applied to the host materials for the green and red phosphorescent 
emitters in the emission layer and contributed to exhibit high efficiency and long 
operational lifetime.32–34 However, CBP itself is not suitable for blue phosphorescent 
devices because of unfavorable arranging the energy with a typical blue emitters. 
 Bis[(4,6-difluorophenyl)-pyridinato-N,C2'] (picolinate)iridium (III) (FIrpic) is one of 
the most representative sky blue emitters.35,36 However, since FIrpic has a higher triplet 
energy than that of CBP, the external quantum efficiency of the device is likely to be 
low. Replacing a biphenylene with a phenylene is one of the strategies and mCP 
(3,5-bis(9-carbazolyl)benzene) is one of the most famous blue host materials.37 
Although mCP satisfies high T1 energy level, the low Tg of 60 °C is a disadvantage as a 
host material. As phenyl carbazole has a high T1 energy level (3.0 eV with respect to the 
ground state), a common strategy of molecular design in elevating the T1 energy of CBP 
is to break the central conjugation of a biphenyl. To this end, there are three different 
ways of molecular design as the follows：(1) introducing substituents at 2,2'-positons in 
a biphenyl,38–42 (2) changing the linkage pattern of phenyl carbazoles in CBP, 43–47 (3) 
13 
 
introducing a non-conjugated unit in a biphenyl.47–50 We also synthesized two novel 
compounds (CBPDM and CDPBP) in accordance with the above (1) and (3). 
 S. A. Bagnich et al. 45 have analyzed CDBP (see Fig. 1.7) as a blue host theoretically 
and experimentally. Their theoretical analyses show that the planarity of biphenyl 
moiety in the lowest triplet state induces the red shift of the peak due to T1 state, which 
was also reported in the previous literature.41,42 Thus, the introduction of methyl 
substituents at the 2,2'-positions of biphenyl was successful in enhancing the triplet 
energy. This method of molecular design was also used in the synthesis of triphenyl 
amine derivatives as hole transporting materials.41 
 mCBP and oCBP (see Fig. 1.7) were synthesized and evaluated as CBP isomers by S. 
Gong et al.44 oCBP exhibited about 2.7 times as high maximum EQE performance as 
that of CBP. However, Tg was not significantly improved. Non-conjugated carbazoles 
were synthesized and evaluated by J. He et al.47 CBPE (see Fig. 1.7) and CBPCH 
(1,4-Bis(4-(9H-carbazol-9-yl)phenyl)cyclohexane) exhibited about twice as high 
maximum luminescence as that of CBP. These values were superior to the maximum 
luminescence among the host materials they studied. Tg of CBPE was not significantly 
improved. On the other hand, the value of CBPCH was over 110 °C and can be a 
suitable candidate of host materials. In these studies, density functional theory (DFT) 
and time dependent-DFT (TD-DFT) have been used to clarify the relation between 
electronic states and optical properties. Elevating the T1 energy level of host materials 
by alternating the substituents influences other properties such as carrier injection and 
transporting properties, leading to lower the EQEs and the durability of OLEDs. These 
changes also influence the location of charge recombination zone, which determine the 
efficiency and the durability of OLED. We should simultaneously improve the physical 
properties that are contradictory to each other. 
NN
CDBP
NN O
CBPE
oCBP
N
N
 
Figure 1.7. Representative blue host materials. 
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 Regarding to phosphorescent emitters, many theoretical and experimental studies 
have been carried out and green and red phosphorescent emitters have achieved the long 
operation lifetime as already mentioned above.22–25 However, the representative blue 
emitters such as FIrpic have drawbacks of the short operational lifetime due to the C-F 
bond cleavage51,52 Therefore, the molecular design of blue emitters with high physical 
properties remains challenging for us. 
 In order to elevate the T1 energy level in the ortho metalated iridium complexes with 
phenylpyridine ( = ppy) ligands, five different effective ways of molecular design are 
discussed as the follows： 
(1) using ligand skeleton different from phenyl pyridine. Representative ligand 
skeletons for blue emitters are phenyl-pyrazole, phenyl-triazole, phenyl-imidazole, 
imidazophenanthridine, or carbene-based ligand. Lo et al.53 synthetized 
fac-tris(5-aryltriazolyl)iridium(III) complexes as blue emitters. The iridium complexes 
gave PL peaks at 428–462 nm at room temperature which were blue-shifted in 
comparison with Ir(ppy)3 whose PL peaks was 510 nm. The blue emission was due to 
the fact that triazole has a considerably higher LUMO energy than that of pyridine. 
Karatsu et al.54 synthetized homoleptic and heteroleptic iridium complexes containing 
phenyl-imidazole ligands. The iridium complexes with fluorine-based substituents 
exhibited blue emission similar to that of FIrpic (fac-OCF3, See Fig. 1.8).  
 Iridium complexes containing carbene-based ligands are known to give deep blue 
emission. Although iridium complexes containing imidazolyl-carbene ligands (fac- 
Ir(pmi)3, See Fig. 1.8) gave near-UV phosphorescence, the PL quantum efficiency was 
low due to the large non-radiative decay rate.55  Nagai et al. investigated the 
dibenzofuranyl carbene-based ligands (Ir(dbfmi), See Fig. 1.8), giving the highest 
performance among the Ir(dbfmi)-based devices with a high power efficiency and a low 
driving voltage.56  
(2) using substituent effects of electron donating or withdrawing groups in the ppy 
ligands. Although iridium complexes containing 2-(2,4-difluorophenyl) pyridyl ligands 
are representative blue emitters,57,58 it is desirable to find fluorine-free complexes in 
order to realize long operational lifetime. Hisamatsu et al. synthesized tris 
[(2-(4'-methoxyphenyl)pyridine] iridium complexes containing electron withdrawing 
groups such as formyl, cyano (45ome-cnp, See Fig. 1.8) and sulfonyl groups at the 
5'-positions.59 They exhibited blue emission without using the substituent effect of 
fluorine. From the theoretical viewpoint, X. Liu et al. carried out DFT calculations at 
the T1 optimized structures for iridium complexes containing methoxy and cyano 
substituted ppy-ligands.60 In their study, the substituted positions were limited to the 
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6-positions, thus we cannot make a universal guideline of substituent effect for desirable 
emission. Systematic DFT approach for revealing the overall substituent effect is 
described in the section 3.3. 
(3) introducing an auxiliary ligand with stronger withdrawing character forming a 
heteroleptic complex.54,61,62 Replacing the picolate of FIrpic with stronger withdrawing 
ligands enables higher triplet energy than FIrpic. Bis[(4,6-difluorophenyl)-pyridinato] 
tetrakis (1-pyrazolyl) borate iridium (III) (FIr6, See Fig. 1.8) is a representative blue 
emitter.61 The obtained CIE coordinate (Commission internationale de l'éclairage) of 
FIr6, (x=0.16, y=0.26), was bluer than that of FIrpic. Replacing the picolate of FIrpic 
with pyridylazole ligands also elevates the triplet energy of FIrpic.62  
(4) using central metal ions different from Ir(III). Platinum complexes give blue 
emission, however, the complexes have drawbacks of long phosphorescence lifetime of 
more than 10μs and the intermolecular aggregation due to the planar geometry. Bulky 
substituents in the ligand structures necessitate to avoid the aggregation. The substituent 
effect in platinum complexes was analyzed and some of them were found to emit blue 
phosphorescence.63 
(5) using tridendate ligand. The complexes containing tridendate ligands were reported 
to exhibit strong blue phosphorescence with a high quantum yield of more than 0.75 at 
295 K.64 
 Seven representative blue phosphorescent complexes are described in the Fig. 1.8. 
 
Figure 1.8. Representative blue emitters. 
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 In this thesis, the improvement of materials for OLEDs was investigated by using 
theory and experiment. Through this development of organic dyes in the industrial 
products for organic electroluminescent display and illumination, the challenge leads to 
contribute the establishment of the in-silico-first technology. To achieve the challenging 
goals of establishing the in-silico-first material design, this study exploits DFT and 
TD-DFT in combination with experimental procedure. Thus, the development of 
procedure was investigated from the theoretical viewpoint first. Then experimental 
procedure was used as confirmation and sophistication of the theoretical proposals. This 
thesis aims to establish the uniform manner for the theoretical molecular design and 
perfection of the method through the development of OLED materials and is structured 
as follows. Chapter 2 gives a theoretical guideline for designing effective host materials 
for blue phosphorescent devices. Chapter 3 gives a theoretical guideline for designing 
effective emitters for blue phosphorescent devices. Chapter 4 provides the summary of 
the thesis and suggestions for future work. 
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Chapter 2 
A theoretical guideline for designing effective host 
materials for blue phosphorescent devices 
 
2.1 Introduction 
 
Development of host materials is crucial for organic electroluminescent devices. In 
order to generalize the way of molecular design as the host materials, a guideline to 
design effective host materials for blue phosphorescent devices based on 
4,4′-bis(9-carbazolyl)-1,1′-biphenyl (CBP) derivatives are presented here, comparing 
some theoretical parameters of seven CBP derivatives with experimental ones in terms 
of thermal stability, T1 energy level, and band gap. Although our computation at the 
density functional theory level could not reproduce the absolute values and phenomena 
that experimentally obtained, theoretical relative correlations between different 
molecules agreed with experimental ones. Indeed, both experimental and theoretical 
approaches predicted that the same molecule (1,1-bis(4-(9-carbazolyl)-phenyl) 
cyclohexane) was viable as the blue host material among the target molecules in terms 
of thermal stability, the T1 state with the local-excitation (LE) character within carbazole 
moieties and higher T1 energy of 3.00 eV than those of blue emitters. The qualitative 
guideline proposed in this chapter would be potentially helpful to save experimental 
work to design other hole or electron transporting materials. 
 As mentioned in the general introduction, a guideline for the versatile molecular 
design for host materials is still unclear. In this chapter, some representative CBP based 
derivatives (see Fig. 2.1) were revisited from both theoretical and experimental 
viewpoints and unveil the limitation and merits of theoretical design at present level. 
This fundamental approach will contribute to establish appropriate guideline of 
molecular design for host materials. The qualitative guideline would be potentially 
helpful to save experimental work to design other hole or electron transporting 
materials. 
 In this chapter, we focused on the molecules as host materials described in Fig. 2.1, 
4,4'-bis(9-carbazolyl)-2,2'-dimethylbiphenyl (CDBP),1-5 4-4'-bis(9-carbazolyl)-2-2'- 
diphenylbiphenyl (CDPBP), 3-3'-bis(9-carbazolyl)-1,1'-biphenyl (mCBP) ,6-8 
2-2'-bis(9-carbazolyl)-1,1'-biphenyl (oCBP),7,9,10 bis(4-(9-carbazolyl)-phenyl)ether 
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(CBPE),10 2,2-bis(4-(9-carbazolyl)-phenyl)propane (CBPDM), and 
1,1-bis(4-(9-carbazolyl)-phenyl)cyclohexane (CBPCY).13 
 
Figure 2.1. Carbazole derivatives of host materials we focus in this chapter. 
 
2.2 Computational and Experimental Details 
2.2.1 Computational Details 
 
DFT was used for geometry optimization in the singlet ground (S0) state with the 
B3LYP functional14,15 and 6-31G(d, p) and 6-311++G(d, p) basis sets, where solvent 
effects of tetrahydrofuran were taken into account through the polarized continuum 
model (PCM).16 Except for CBPCY, we imposed C2 symmetry. Unrestricted 
Kohn-Sham orbitals were used to calculate the energetic difference between S0 and T1 
states. Geometry optimizations in the first singlet (S1) and triplet states (T1) were also 
carried out at the TD-DFT level within the Tamm-Dancoff approximation (TDA) by 
using the LC-BLYP functional with 6-31G(d, p) basis set. Single point energy 
calculations including solvent effects of tetrahydrofuran through the PCM were carried 
out using the optimized geometry at the TDA/LC-BLYP/6-31G(d,p) level in vacuo. The 
LC-BLYP functional is expected to provide more accurate description of emission 
energies of materials with charge-transfer character.17 In order to obtain more accurate 
emission energies, the optimal range separation parameter (μ) was set to 0.20 Bohr–1 in 
TD-DFT calculations.18 The natural transition orbital (NTO)19 was used to provide a 
clear description on the nature of the excitation on the optimized structures in the T1 
states.  
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 For all calculations above mentioned, we employed Gaussian09 package.20 The 
calculated electronic structures were analyzed using the AO-Mix program.21,22 For 
visualization of molecular structures and the orbitals, the Winmostar program was 
used.23 
 
2.2.2 Experimental Details 
 
Synthesis of Blue Host Materials: CBP and CDBP were purchased from Nippon Steel 
Chemical and Lumtec, respectively. mCBP were synthesized by using the synthetic 
route described in the previous literature.7 CDPBP, oCBP, CBPE, CBPDM, and CBPCY 
were synthesized in accordance with the procedure described in Appendix 2.1. We have 
confirmed the materials with 1H and 13C NMR spectra recorded on a JEOL JNM-LA400 
spectrometer. Although oCBP was synthesized by the Suzuki coupling reaction between 
9-(2-bromophenyl)-9H-carbazole and 
9-[2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]-9H-carbazole and CBPE was 
synthesized by the copper catalyzed Ulmann C-N coupling reaction at the 9-position of 
the carbazole with bis(4-iodophenyl)ether and 2,2'-diiodobiphenyl in the previous 
literatures,7,10 the carbazole rings in oCBP and CBPE were introduced by using the 
coupling reation of aniline derivatives and 2,2'-dibromobiphenyl. 
Optical Properties: The absorption and fluorescence spectra were measured in 
2-methyl tetrahydrofuran (MTF) solution at the concentration of 10–5 M at room 
temperature. The phosphorescence spectra of the compounds were also measured in 
2-MTF matrix at 77 K. Absorption spectra were measured with a Hitachi U-3300 
spectrophotometer. Fluorescence and phosphorescence spectra were measured with a 
Hitachi F-7000 fluorescence spectrophotometer. In the measurement of 
phosphorescence spectra at 77 K, a liquid nitrogen cooling unit was equipped. 
Ionization Potentials and Electron Affinities: Ionization potentials (IPs) were 
measured by atmospheric photoelectron spectroscopy (Riken Keiki Co. Ltd., AC-3). 
The optical band gaps were determined by absorption edge of absorption spectra. The 
electron affinities (EAs) were calculated by subtracting the band gap energies from the 
IPs. 
Thermal Analysis: The thermal properties of host materials were investigated with 
thermogravimetric analysis (TGA) and differential scanning calorimeter (DSC) under 
nitrogen atmosphere. The results of TGA analysis were used to determine the maximum 
temperature for the DSC analysis. The DSC measurement was performed at a scanning 
rate of 10 °C min–1. The TGA and DSC measurements were recorded on an Exstar 
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6000- TGA /DTA 6220 and a DSC 6220, Seiko instruments, respectively. 
 
2.3 Theoretical Properties 
 
As described in the general introduction, the requirements for the blue host materials are 
(I) high triplet energies, (II) the energetic arrangement of HOMO-LUMO energies 
between layers, (III) high Tg, and (IV) bipolar properties. Among the four requirements, 
(IV) bipolar properties are ensured as long as we focus on carbazole derivatives. Thus, 
dominant previous studies focus on the thermal stability, higher triplet energies than 
those of emitters. 
 In order to select the suitable candidate as the blue host materials, physical properties 
at the DFT level for host materials in the following procedure have been investigated. 
First, we try to explain the difference of Tg among the host materials using optimized 
geometries of isolated molecules in the S0 states because molecular geometries even in 
vacuo seems to be reflected in the value of Tg. Second, we will classify the characters of 
the T1 state to local-excitation (LE) or charge transfer (CT) of phosphorescent states. 
Finally, triplet energies as well as relaxed singlet excited energies are also evaluated by 
DFT and TD-DFT to compare the theoretical values with emission wavelengths. At the 
same time, we discuss theoretical band gaps that are estimated as the energetic 
difference between HOMO and LUMO, IPs and EAs. Taken into account these 
theoretical results, the suitable candidate is proposed in this section. Then, the predicted 
physical properties were confirmed by the experimental procedure in the following 
section. 
 
2.3.1 Relation of Tg and molecular weight and volume  
 
As mentioned above, high Tg is required to maintain the morphology of the amorphous 
state of OLED materials and contribute to form stable films. Accordingly, Shirota et al. 
have synthesized 4,4',4"-tri(N-carbazo1yl)triphenylamine (TCTA) as a hole transporting 
material, where peripherally substituted flexible (non-planar) triphenylamine moieties in 
4,4',4"-tris(3-methylphenylphenylamino)-triphenylamine (m-MTDATA) were replaced 
with rigid carbazolyl ones so as to enhance the rigidity of the molecule.24 Tg of TCTA 
was 151 °C, which was higher than that of m-MTDATA (Tg = 75 °C). In this strategy to 
elevate Tg, molecular volume and weight are almost unchanged. Is it possible for 
materials containing carbazolyl groups to become more rigid? 
 P. Kautny et al., synthesized indo [3,2,1-jk] carbazole based derivatives (ICzPCz).25 
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Tg of this planarized structure was 119 °C, which was significantly higher Tg than CBP 
(Tg =62 °C). In this case, the molecular weight was also unchanged. M.-H. Ho et al. 
synthesized 4,4'-N,N'-[di(3,6-di(t-butyl)carbazole)]biphenyl (ttbCBP) as green and red 
host materials.26 They introduced tert-butyl spacers as bulky substituents at the 
3,3',6,6'-positions of carbazole moieties in CBP (Tg = 78 °C) and succeeded to elevate 
Tg up to 175 °C. In the similar way, M.-H. Tsai et al. synthesized 
9-(4-tert-butylphenyl)-3,6-bis(triphenylsilyl)-9H-carbazole (CzSi) as blue host 
materials.27 They introduced triphenylsilyl groups at the 3,6-positions of the carbazole 
moiety in mCP (Tg <60 °C), which results in the elevation of Tg up to 131 °C, with 
retaining the higher triplet energy. 
 In both cases, the designed materials exhibited about twice as high Tg as that of 
corresponding non-substituted materials. In their molecular design, they introduced 
sterically hindered and bulky substituents in the peripheral regions in CBP and mCP. 
Although the molecular size and weight were increased in their strategies, this 
molecular design does not show drastic change of the T1 energy. 
 The previous researches above give us a hint to get a plausible descriptor from 
isolated molecules that affect Tg, that is, Tg are qualitatively elevated as increasing the 
volumes and weights of molecules. 
 Introducing substituents at 2,2'-positons in a biphenyl results in the loss of flexibility 
of rotation around the bond between the phenyl rings due to the steric repulsion between 
the substituents, that is, the “rigidity” is enhanced in CDBP and CDPBP in comparison 
with CBP. Moreover, their molecular volumes are 1.08 and 1.32 times as large as that of 
CBP, respectively. These materials are expected to have stable thermal properties. 
 In changing the linkage pattern of phenyl carbazoles in CBP, the substitution pattern 
in oCBP with carbazole group at the 2,2'-positions in a biphenyl was sterically hindered 
and the rigidity was expected to be enhanced. However, the molecular volumes and 
weights of mCBP and oCBP were almost identical with CBP (See Table 2.1).  
 Introduction of a non-conjugated linker (X in Fig. 2.2) between phenyl rings give rise 
to the flexibility of the biphenyl results in the low Tg of their materials. However, this 
drawback could be covered by introducing the bulky substituents into the central “X” 
moiety (See Fig. 2.2). CBPDM and CBPCY have 1.11 and 1.20 times as large volume 
as that of CBP and expected to be stable thermal properties. 
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Figure 2.2. Numbering of atoms. Cz represents a carbazole group. R1, R2 and R3 are 
hydrogen, phenyl, or Cz. n is 0 or 1. X is O, (CH3) 2C, or C6H10. 
 
 
 
Table 2.1. Geometrical parameters for host materials. 
Compound MWa / g mol-1 Total volumeb / Å3  
CBP 484.60 445.3 
CDBP 512.65 478.8 
CDPBP 636.80 588.8 
mCBP 484.60 445.4 
oCBP 484.60 445.2 
CBPE 500.60 454.0 
CBPDM 526.68 495.3 
CBPCY 566.75 534.4 
a) MW is molecular weight. b) Total volume was van der Waals volume obtained by 
Winmostar program23,28 on the optimized geometries at the B3LYP/6-31G(d,p) level. 
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2.3.2 Structural changes between S0 and T1 by DFT calculations 
 
The phosphorescent spectrum originated from the LE T1 state shows characteristic 
vibrational bands. On the other hand, the phosphorescent spectrum from the CT T1 state 
becomes broad without vibrational band, which is disadvantage for high triplet energies. 
Decisive parameter to characterize the T1 state is the structural difference between the 
T1 and the S0 states. Hence, we have examined the geometric difference between T1 and 
S0 states about representative geometric parameters. Since the characters of frontier 
molecular orbital influence structural deformation in the excited state, the HOMO, 
HOMO–1, LUMO and LUMO+1 orbitals for the optimized structure of the S0 states for 
host materials were described in Fig. 2.3. Contribution to electron densities from the 
biphenyl moiety (BPh) and on the carbazole moiety (Cz) at the B3LYP/6-311++G(d,p) 
level were summarized in Table A1. From the results, we can roughly predict the 
excited state character (LE or CT). The transitions from the T1 state to the S0 state of 
CBP, CDPBP, mCBP, and oCBP show the CT character, which is the transition from a 
biphenyl moiety to carbazole ones. On the other hand, CDBP, CBPE, CBPDM and 
CBPCY show the LE character within carbazole moieties (LEc character). In the case of 
CBPCY, LUMO and LUMO+1 are almost degenerate and the electron densities are on 
the different regions in the carbazole moieties (See Fig. 2.3 and Table A1). Hence, we 
performed the NTO analysis to get a clear description on the nature of the excitation 
(See the details about the NTO analysis in Appendix 2.2). 
First, we focus on host materials with CT character (CBP, CDPBP, mCBP, and oCBP). 
The LUMOs were composed of the π* orbitals localized on BPh with more than 90% 
contributions (See Table A1). Hence, significant differences appear in bond lengths of 
the biphenyl moieties between the S0 state and the T1 state in CBP, CDPBP, and mCBP, 
whereas the structural parameters in carbazole moieties were almost unchanged in theT1 
states as is shown in Fig. 2.4A. The trend in oCBP was opposite; the significant 
differences appear in bond lengths of the carbazole moieties between the S0 state and 
the T1 state (See Fig. 2.4A). In the T1 state of oCBP, the LUMO+1, which composed of 
π* orbitals localized on Cz with 94% contributions (See Table A1), is considered to get 
involved in the phosphorescence. The NTO analysis of oCBP was also performed to get 
a clear description on the nature of the excitation (See the details about the NTO 
analysis in Appendix 2.2). 
In CBP, the largest change is observed in the central dihedral angle (C2-C1-C1’-C2’ = θ1, 
see Fig. 2.2 about the atom numbering). Although θ1 is 36.7° in the S0 state, θ1 becomes 
3.4°, which means nearly planar in the T1 state at the B3LYP/6-31G(d,p) level. The 
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similar planarization is observed in mCBP (The value of θ1 was 36.2° at the S0 state and 
5.7° in the T1 state).  
The excitation from HOMO (anti-bonding orbital in the central C-C bond) to LUMO 
(bonding orbital in the central C-C bond) is expected to lead planarization in a biphenyl 
moiety. This planarization in CBP and mCBP implies the excited states within a 
biphenyl. The NTO analysis also shows the identical characters (See the details about 
the NTO analysis in Appendix 2.2). In CDPBP, oCBP, the large change in a dihedral 
angle was not observed as seen in the CBP and mCBP due to the steric hindrance at the 
2,2'-positions. These changes in biphenyl probably influence the spectra. 
Next, we focus on host materials with LE character (CDBP, CBPE, CBPDM and 
CBPCY). In this case, the LUMOs were composed of the π* orbitals localized on Cz 
with 97% contributions (See Table A1). Therefore, the large deformation occurs in the 
carbazole moieties in the T1 states, whereas the structural parameters in biphenyl 
moieties were almost unchanged in the T1 states in CBPE, CBPDM and CBPCY as is 
shown in Fig. 2.4B. In these host materials, the large change in the central dihedral 
angle was not observed as seen in the CBP and mCBP due to the steric hindrance and 
the non-conjugation. In the T1 state of CDBP, we found two optimized structures. One 
is the structures with θ1 = 33° [CDBP(A)]. The other is the structure whose θ1 is 89° 
[CDBP(B)]. Our computation predicts that CDBP(A) is dominant in the T1 state 
because CDBP(A) is slightly more stable than CDBP(B) at the B3LYP/6-31G(d,p) level 
(2.7 kcal mol-1). 
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Figure 2.3. 3D-representations of frontier orbitals (HOMO–1/HOMO/LUMO/ 
LUMO+1) of each system. 
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Figure 2.4. Changes in bond lengths of (A: CBP, CDBP(A), CDPBP, mCBP and oCBP) 
(B: CDBP(B), CPBE, CBPDM and CBPCY) in the T1 states with respect to the S0 
states. 
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2.3.3 Theoretical emission wavelengths from T1 and S1 states of 
blue host materials 
 
Theoretically estimated T1 energies by two different methods are summarized in Table 
2.2. Δ1(T1–S0) is non-adiabatic emission energies from the T1 state estimated at the 
B3LYP/6-31G(d,p) level, which is known to reproduce experimental values of CBP 
derivatives well in previous researches.7,29 Δ2(T1–S0) is adiabatic emission energies from 
the T1 state estimated at the LC-B3LYP/6-31G(d,p) levels with TDA/TD-DFT. Host 
materials with carbazole localized LE (LEc) character (CDBP, CBPE, CBPDM, and 
CBPCY) gave higher triplet energies in comparison with those with CT character (CBP, 
CDPBP, mCBP). In particular, CDPBP gave comparable triplet energy with CBP, which 
is not appropriate for blue host materials theoretically. This means that the phenyl 
substituents at 2,2'-positions in a biphenyl were not bulky enough to break the 
conjugation. On the other hand, the carbazole substituents at 2,2'-positions in a biphenyl 
were bulky enough to break the conjugation and oCBP exhibited high triplet energies 
both in the Δ1(T1–S0) (3.16 eV) and Δ2(T1–S0) (2.94 eV) even though its CT character.  
Although fluorescent spectra of the host materials spectra do not play an important role 
in the present mechanism of OLED, we also confirmed them theoretically because 
effective use of the fluorescence results in the application of TADF (Thermally 
Activated Delayed Fluorescent) materials.30,31 Energies of the S1 states were also 
optimized at the TDA/LC-BLYP/6-31G(d,p) level, whose results were summarized in 
the column of Δ(S1–S0) in Table 2.2. Host materials with LEc character (CDBP, CBPE, 
CBPDM, and CBPCY) gave higher S1 energies than those with CT character (CBP, 
CDPBP, oCBP) except for mCBP, which showed high S1 energies comparable with 
host materials with LEc character. Because the compounds with higher S1 energies are 
expected to have higher T1 energies, the S1 energy could be suitable as an indicator of 
high T1.  
 
2.3.4 Band gaps, ionization potentials and electron affinities 
 
It is well known that band gaps have positive correlation with triplet energies.32 
Therefore, the band gap (identical with HOMO-LUMO gap here) is often used as a 
rough indicator to predict the T1 state level. It is also necessary for further molecular 
design to understand the reason why blue hosts have higher band gaps with elucidating 
the changes of IPs and EAs compared to those of CBP. On top of that, the IPs and EAs 
of host materials are crucial physical parameters to evaluate the energy barrier of hole 
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and electron injection from hole or electron transporting layers into emission ones in the 
devices. The theoretical values help us select appropriate materials for fabricating the 
OLED devices. Theoretical band gaps, IPs and EAs at the B3LYP/6-311++G(d, p) and 
the B3LYP/6-31G(d, p) level in vacuo are summarized in Table 2.3. Theoretical IPs and 
EAs were obtained through an adiabatic manner as the following. IPs were calculated as 
the energy difference between radical cation species and neutral ones. EAs were 
calculated as the energy difference between neutral species and radical anion ones. IPs 
at the B3LYP/6-311++G(d, p) level ranged from 6.55 to 6.83 eV (see Table 2.3), which 
distributed in a narrow band (0.28 eV). On the other hand, LUMO energies at the 
B3LYP/6-311++G(d, p) level ranged from 0.25 to 0.78 eV, which distributed within 
0.53-eV wide. The trend at the B3LYP/6-31G(d, p) level were almost identical with that 
at the B3LYP/6-311++G(d, p) level. This indicates that LUMO levels have relatively 
large influence on the band gaps. 
In CDBP, CBPE, CBPDM and CBPCY, the EAs are elevated by 0.3–0.5 eV relative to 
that of CBP, that is the result of the decrease of the resonance effect between two phenyl 
carbazoles due to steric hindrance between the substitutes of 2,2'-positions or linkers 
(X). The IP of mCBP is lower than CBP by 0.15–0.17 eV. The effect of a meta-linkage 
of carbazoles lowers the IP and realizes the slightly higher band gap than that of CBP. 
The band gap of CDPBP is comparable with that of CBP similar to the trend of triplet 
energies. Obtained band gaps correlated with triplet energies well. 
Thus, prior to the calculation of triplet energies, it is valuable to grasp the band gaps 
quantitatively in designing high triplet energies. We will validate the theoretical band 
gaps, IPs and EAs, comparing the experimental values in section 2.4. 
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Table 2.2. Calculated emission wavelengths in nm. 
Compound Δ1(T1–S0) a Δ2(T1–S0) b Δ(S1– S0) c 
CBP 454 (2.73) 510 (2.43) 345 (3.60) 
CDBP(A) 405 (3.06) 475 (2.61) 331 (3.74) 
CDBP(B) 390 (3.18) 421 (2.95) 312 (3.97) 
CDPBP 451 (2.75) 536 (2.31) 368 (3.37) 
mCBP 416 (2.98) 471 (2.63) 320 (3.87) 
oCBP 392 (3.16) 422 (2.94) 356 (3.48) 
CBPE 390 (3.18) 420 (2.95) 316 (3.92) 
CBPDM 390 (3.18) 420 (2.95) 313 (3.96) 
CBPCY 391 (3.17) 420 (2.95) 313 (3.96) 
All values are in nm and values in parentheses are in eV. a) The non-adiabatic emission 
energy from the T1 state at the UB3LYP/6-31G(d,p) level. b) Adiabatic emission energy 
from the T1 state at the TDA/LC-BLYP/6-31G(d,p) level. The optimal range separation 
parameter (μ) was set to 0.20 Bohr–1. c) Adiabatic emission energy from the S1 state at 
the TDA/LC-BLYP/6-31G(d,p) level. The optimal range separation parameter (μ) was 
set to 0.20 Bohr–1. 
 
Table 2.3. Theoretical band gaps, IPs and EAs in eV. 
Compound B3LYP/6-311++G(d,p) B3LYP/6-31G(d,p) 
IPa EAb Band Gapc IPa EAb Band Gapc 
CBP 6.61 0.71 5.90 6.28 0.22 6.06 
CDBP 6.64 0.39 6.25 6.31 －0.04 6.35 
CDPBP 6.55 0.78 5.77 6.23 0.33 5.90 
mCBP 6.76 0.64 6.12 6.45 0.15 6.30 
oCBP 6.83 0.47 6.36 6.52 －0.01 6.53 
CBPE 6.63 0.31 6.32 6.30 －0.20 6.50 
CBPDM 6.62 0.25 6.37 6.30 －0.25 6.55 
CBPCY 6.59 0.25 6.34 6.28 －0.27 6.55 
All values are in eV. a) Calculated IP values were obtained by IP = Ecr－En, where En 
and Ecr are total energies of optimized neutral and radical cation. b) Calculated EA 
values were obtained by EA = En－Ear, where En and Ear are total energies optimized 
neutral and radical anion. c) Band gap is estimated as “IP – EA”. 
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2.3.5 Molecular design for novel blue host materials 
 
Based on the above theoretical data, we try to propose the suitable blue host materials. 
In the thermal analysis, among the three methods of molecular design, introducing 
substituents into 2,2'-positions in a biphenyl and introducing the non-conjugated unit 
were promising approach in the improvement of the thermal properties if the 
substituents were bulky. CDBP and CBPDM, CBPCY and CDPBP were anticipated as 
thermally stable materials because the molecular weight and the total volume were more 
than 510 g mol-1 and 470 Å3, respectively. 
Next, the excited state characters were grasped by classifying 
LE and CT through HOMO and LUMO description and obtaining the emission 
wavelengths quantitatively. Among the above selected four host materials, CDBP(B), 
CBPDM and CBPCY exhibiting LEc character are thought to be promising as suitable 
blue host materials; the T1 energy level was more than 3.10 eV or 2.90 eV calculated by 
Δ1(T1-S0) and Δ2(T1-S0), respectively. Although CDPBP was designed as an expected 
material that has thermally high stability, the theoretical wavelength remains the 
comparable value with CBP.  
Finally, IPs, EAs and band gaps were also analyzed through the DFT calculations; 
CBPDM and CBPCY exhibited wide band gaps of more than 6.50 and 6.30 eV at the 
B3LYP/6-31G(d,p) and B3LYP/6-311++G(d,p) levels, respectively. 
The molecular weight and the total volume of CDBP, CBPDM and CBPCY were in the 
order of CBPCY > CBPDM > CDBP (See Table 2.1). If the substituent effect of the 
linker (X) is effective, in our theoretical conclusion, CBPCY satisfies the thermal 
stability and high triplet energy, LEc character and wide band gap and is thought to be 
the suitable candidate as blue host material. We will confirm these theoretical 
parameters, comparing experimental values in the next section. 
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2.4 Comparison with Experimental Properties 
We summarized our experimental results in Tables 2.4 and 2.5 with theoretical values 
obtained above. For clarity, we present the results of Tables 2.2 and 2.3 again. Hereafter, 
the differences between the theoretical and experimental results were discussed. 
 
2.4.1 Thermal properties 
According to the experimental results, the material that shows the highest Tg is CDPBP 
(127 °C), which means that CDPBP film is expected to be morphologically stable. As 
mentioned in section 2.3.1, we can find the rough correlation between experimental Tg 
and the molecular weights. Materials whose molecular weights are less than 530 g mol-1 
showed lower Tg, i.e., Tg of CBP isomers and two non-conjugated compounds (CBPE 
and CBPDM) showed less than 100 °C. From the fact that the Tg of CBP is reported as 
62 °C or 78 °C, the substitution pattern in molecules is not a crucial factor in improving 
the thermal properties as Tg of oCBP and mCBP were 78 °C and 90 °C, respectively. 
The “rigidity” in oCBP is also not effective to elevate the value of Tg. On the other hand, 
increasing the molecular volumes and weighs seems to be effective to elevate Tg with 
concomitant introduction of substituents in the inner region of carbazole derivatives. 
Among the non-conjugated materials, CBPCY with a cyclohexyl group shows moderate 
high Tg (110 °C). The bulkiness in the linker “X” (the molecular weight and the total 
volume with more than 560 g mol-1 and 530 Å3, respectively) was effective on 
increasing Tg and the introduction of bulky linker leads thermal stability in 
non-conjugated carbazoles. 
 
2.4.2 Experimental results of thermal properties 
Crucial temperatures at thermally abnormal points of the host materials are summarized 
in Table 2.6. Glass transition temperatures (Tg) were determined as the value of the 
endothermic transition in the second heating cycle of the measurement with differential 
scanning calorimeter (DSC). The crystallization temperatures (Tc) and the melting 
temperatures (Tm) were obtained as the exothermic and the endothermic peaks, 
respectively. The thermal decomposition temperatures (Td) with an initial loss of mass 
were measured. According to our thermal analyses, seven host materials showed 
amorphous glass states in the second heating scan (Fig. 2.5) although the glass transition 
of CBP was not observed, where Tg were decided as a point at which extrapolated 
tangents intersect.   
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Table 2.4 Experimental thermal and optical properties and excited characters in the T1 
state and the comparison with theoretical results. 
 Thermal 
Properties 
Optical Properties in the T1 states Optical Properties 
 in the S1 states 
compounds Tga/ °C Δ1(T1–S0) 
b /nm 
(eV), 
Δ2(T1–S0) 
b /nm (eV) 
λp c /nm 
(eV) 
Excited character Δ(S1–S0) 
b /nm 
(eV) 
λf d /nm 
(eV) 
Exp. Calc. Calc. Exp. Calc.e Exp. Calc. Exp. 
CBP － 454 (2.73) 510 (2.43) 466 (2.66) CT(LEb) LEb 345 
(3.60) 
365 
(3.40) 
CDBP(A) 102 405 (3.06) 475 (2.61) 411 (3.02) CT 
LEc 
331 
(3.74) 
347 
(3.57) 
CDBP(B) 390 (3.18) 421 (2.95) LEc 312 
(3.97) 
CDPBP 127 451 (2.75) 536 (2.31) 480 (2.58) CT CT 368 
(3.37) 
347 
(3.57) 
mCBP 90 416 (2.98) 471 (2.63) 412 (3.01) CT(LEb) LEb 320 
(3.87) 
346 
(3.58) 
oCBP 78 392 (3.16) 422 (2.94) 413 (3.00) CT(LEc) LEc 356 
(3.48) 
391 
(3.17) 
CBPE 79 390 (3.18) 420 (2.95) 411 (3.02) LEc LEc 316 
(3.92) 
350 
(3.54) 
CBPDM 94 390 (3.18) 420 (2.95) 411 (3.02) LEc LEc 313 
(3.96) 
350 
(3.54) 
CBPCY 110 391 (3.17) 420 (2.95) 411 (3.02) LEc LEc 313 
(3.96) 
350 
(3.54) 
a) Tg is glass transition temperature. b) The values are taken from Table 2.2. c) 
Phosphorescence maximum measured at 77K. d) The fluorescence maximum measured 
at room temperature. e) Results with NTO analysis are given in parentheses. 
 
Table 2.5 Experimental and theoretical band gaps, IPs and EAs in eV. 
compounds IP a /eV  EA b /eV  Band gap c /eV  
Exp. (Calc. d)  Exp. (Calc. d)  Exp. (Calc. d) 
CBP 6.12 (6.61, 6.28) 2.60 (0.71, 0.22) 3.52 (5.90, 6.06) 
CDBP 6.17 (6.64, 6.31) 2.62 (0.39, －0.04) 3.55(6.25, 6.35) 
CDPBP 6.12 (6.55, 6.23) 2.57 (0.78, 0.33) 3.55(5.77, 5.90) 
mCBP 6.34 (6.76, 6.45) 2.76 (0.64, 0.15) 3.58(6.12, 6.30) 
oCBP 6.00 (6.83, 6.52) 2.48 (0.47, －0.01) 3.52(6.36, 6.53) 
CBPE 6.14 (6.63, 6.30) 2.60 (0.31, －0.20) 3.54(6.32, 6.50) 
CBPDM 6.04 (6.62, 6.30) 2.50 (0.25, －0.25) 3.54(6.37, 6.55) 
CBPCY 6.10 (6.59, 6.28) 2.56 (0.25, －0.27) 3.54(6.34, 6.55) 
a) Values were obtained by AC-3. b) Values were obtained by subtracting band gaps 
from IPs. c) Optical band gaps were obtained by absorption edge of absorption spectra. 
d) Taken from Table 2.3. Values in the parenthesis were calculated at the 
B3LYP/6-311++G(d,p), B3LYP/6-31G(d,p) level, respectively.   
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Table 2.6. Temperatures at abnormal points of host materials. 
Compound Tc a/ °C Tmb / °C Td c/ °C° 
CBP 208 285 365 
CDBP － 204 313 
CDPBP 195 294 384 
mCBP 144 272 355 
oCBP 120 240 295 
CBPE 162 195 352 
CBPDM － 252 364 
CBPCY 207 264 350 
a) Tc is crystallization temperature. b) Tm is melting temperature. b) Td is the 
temperature at which an initial loss of mass is observed. 
 
 
Fig. 2.5 DSC curves for (a) CDBP (b) CDPBP (c) mCBP (d) oCBP (e) CBPE (f) 
CBPDM and (g) CBPCY. 
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(a) CDBP Tg=102℃
(b) CDPBP Tg=127℃
(c) mCBP Tg=90℃
(d) oCBP Tg=78℃
(e) CBPE Tg=79℃
(f) CBPDM Tg=94℃
(g) CBPCY Tg=110℃
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2.4.3 Phosphorescent, fluorescent and absorption spectra 
 
From the phosphorescent spectra, the character of the T1 states relative to the S0 states 
can be classified as the following. CDBP, oCBP and non-conjugated carbazole 
derivatives (CBPE, CBPDM and CBPCY) have a LEc character in the T1 states. On the 
other hand, CBP and mCBP have a biphenyl localized LE (LEb) character in the T1 
states. CDPBP has a CT character in the T1 states. In general, the LE character of the T1 
state promises its high energetic level because of the sharp rise and rather narrow 
half-bandwidth of the spectra (in this case 30 nm). In particular, the spectra with an LEc 
character is highly suitable for realizing high T1 energies. From this viewpoint, CBPE, 
CBPDM, and CBPCY are better candidates as blue host materials. The CT character in 
phosphoresce has a disadvantage in establishing higher T1 as the broad band and large 
band width of 60 nm, twice as large as that of LE character. Although the theoretical 
results show CT character for CBP, mCBP, and oCBP, experimental results show LEb 
(CBP and mCBP) and LEc (oCBP) character. The NTO analyses on the T1 state of these 
molecules show the consistency with experimental results (See the details about the 
NTO analysis in Appendix 2.2). This means that it is dangerous to characterize the 
excitation nature only from orbitals. The NTO analysis should be used as a 
complementary tool. 
The theoretical relaxation processes in T1 states also consist with experimental 
observations qualitatively. In the emission of CBP and mCBP, a corresponding vibronic 
mode appears around 1250–1350 cm–1 (Fig. 2.6) that is assigned to the C-C stretching 
vibrations from a biphenyl moiety because the phosphorescence spectra of the 
compounds resemble that of a biphenyl.33–35 In the theoretical section 3.1.2, significant 
differences were observed in bond lengths of the biphenyl moieties between the S0 state 
and the T1 state in CBP, and mCBP, which is consistent with these experimental results. 
The 0-0 emission in CBP is 466 nm (2.66 eV), which is 55 nm longer than other blue 
host materials. The previous literatures reported that, this relates with the planarity of 
CBP in the T1 state.
 4, 5, 36 The 0-0 emission of mCBP at 412 nm (3.01eV) exhibited high 
T1 energy. This is because the meta linkage was effective on breaking the conjugation in 
the biphenyl.28 On the other hand, in the case of CBP, the conjugation extended to the 
nitrogen atoms, leading to lower the T1. 
 In the phosphorescence of CDBP, CBPE, CBPDM and CBPCY the vibronic modes 
around 1590–1600 cm–1, the peak difference between 0-0 and 0-1 emission, are 
considered to be attributed to C-C stretching vibrations mainly from a carbazole moiety. 
This is confirmed that the phosphorescence spectra of CDBP, CBPE, CBPDM, and 
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CBPCY resemble the spectra of 9-phenylcarbazoles with LEc character.
25 As mentioned 
in section 3.2, significant differences appear in bond lengths of the carbazole moieties 
between the relaxed structures in the S0 state and the T1 state of CBPE, CBPDM, and 
CBPCY, which is consistent with this experimental results. From the experimental result, 
θ1 of CDBP in the T1 state is thought to be nearly 90° with LEc character in contrast to 
the theoretical prediction. The Δ1(T1–S0) and Δ2(T1–S0) of FIrpic were calculated to be 
459 nm (2.70 eV) and 487 nm (2.55 eV), respectively, where an SDD basis set was used 
for the iridium atom. The experimental T1 energy for FIrpic was 461 nm (2.69 eV).
37 
Hence, host materials except for CBP and CDPBP have theoretically and experimentally 
higher triplet energies than FIrpic as is shown in Fig. 2.7.  
 Besides the phosphorescent spectra, fulorescent spectra also agree with the theoretical 
prediction. CDBP, CBPE, CBPDM, CBPCY and mCBP show the 0-0 emission peak 
around at 350 nm and the 0-1 emission peak around at 365 nm. This distinct vibronic 
structures show that the LE character singlet states are dominant in the S1 state of these 
four host materials. They have short Stokes-shift of less than 10 nm, indicating small 
structural changes in the S1 states. On the other hand, oCBP and CDPBP show broad 
emission centered at approximately 390 nm. They show no vibronic structures, which 
implies that they have the S1 states with CT character. This suggests that the S1 
transition in oCBP is from a biphenyl moiety (LUMO) to carbazole ones (HOMO). 
 The phosphorescent spectra in 2-methyl tetrahydrofuran (MTF) glass matrix at 77 K 
are also described in Fig. 2.6. The absorption and fluorescent spectra in 2-MTF at room 
temperature are also described in Fig. 2.6. Optical data are summarized in Tables 2.4 
and 2.7. The phosphorescent spectra at 77 K show well-resolved vibronic structures in 
every host materials except for that of CDPBP. Among physical properties, the higher 
T1 energy than that of emitters is one of the prerequisite requirements as host materials. 
The 0-0 emissions of CDBP, CBPE, CBPDM, oCBP and mCBP are nearly at 410 nm 
(3.00 eV). The blue-shifts from the 0-0 emission of CBP (T1=2.66 eV) were 53–55 nm. 
As a result, they have enough high T1 energy to satisfy the requirement as host materials 
for sky blue emitters such as FIrpic. As the T1 energy of 9-phenyl carbazole is 3.0 eV, 
the six carbazole derivatives (CDBP, CBPE, CBPDM, oCBP, mCBP and CBPCY) 
achieved an ultimate blue shift. The emission of CDPBP is broad and centered at 480 
nm (2.58 eV), 14 nm red shifted compared to that of CBP. 
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Figure. 2.6. Absorption (black) and fluorescent spectra (red) measured in 2-methyl 
tetrahydrofuran (MTF) at the concentration of 10-5 M at room temperature; 
phosphorescent spectra (blue) measured in 2-MTF glass matrix at 77 K. 
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Table 2.7 Optical properties. 
Compound λabsa /nm 
CBP 293,318,342 
CDBP 293,327,341 
CDPBP 293,310-328,340 
mCBP 292,326,339 
oCBP 295,326,338 
CBPE 293,327,340 
CBPDM 293,328,341 
CBPCY 293,328,341 
a) The absorption peaks measured at room temperature. 
 
 
 
 
 
Figure 2.7. Computational and experimental T1 energy-level diagram for host materials 
and FIrpic with respect to the S0 energy. Calculated values for FIrpic were obtained by 
Δ1(T1-S0) and Δ2(T1-S0). An experimental value for FIrpic was taken from Ref. 37. 
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2.4.4 IPs and EAs 
 
We summarize that the experimental IPs and EAs with theoretical values in Table 2.5. 
To understand the substituent effect, it is necessary to investigate the 9-phenyl carbazole 
(9-PhCz) as a minimum unit of CBP derivatives. The IP of 9-PhCz was obtained as 6.12 
eV in the same measurement. In CDBP, CBPE, CPBDM and CBPCY the conjugation in 
biphenyl was broken because the values are similar to that of 9-PhCz. mCBP shows the 
highest value of 6.34 eV and oCBP shows the lowest one of 6.00 eV. 
EAs were obtained from the IPs subtracted by optical band gaps. Although the adiabatic 
IPs with B3LYP/6-31++G(d, p) were overestimated by 0.4–0.5 eV, we found the 
qualitative correlation between experimental and theoretical values except for the values 
of oCBP.  
 The experimental band gaps in the blue hosts are almost identical (3.4–3.5 eV, See 
Table 2.4). In contrast, the computational band gaps have larger values than that of CBP 
as a result of introducing the bulky substituents in the inner region of CBP. LUMOs 
obtained by subtracting band gaps from the IPs are known to be inconsistent with real 
values of electron affinities. The value obtained by low-energy inverse photoemission 
spectroscopy (LEIPS) or reduction potential is known to be better method to obtain 
accurate electron affinities.38 With LEIPS, the EA for CBP was obtained as 1.75 eV. On 
the other hand, the calculated result was 0.71 eV, that was underestimated by 1.04 eV. 
However, the calculated results at the B3LYP/6-31G(d,p) or B3LYP/6-311++G(d,p) 
levels provide favorable correlation with real values of electron affinities. Therefore, 
calculated results would be useful to understand how the band gaps change with the 
alternation of substituents in CBP. 
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2.5 Conclusion 
 
Although blue host materials based on 4,4′-bis(9-carbazolyl)-1,1′-biphenyl (CBP) 
derivatives have been extensively studied, 1–13,39,40 the difference of properties in the 
excited state derived from the substituent pattern has not fully investigated. In spite of 
many ambitious researches, an effective CBP derivative that theoretically designed does 
not appear at all. We think that this situation attributes to the use of the theoretical 
method only for supporting data of experimental data. Thus, we have revisited some 
representative CBP derivatives (including new molecules) to make a theoretical 
guideline for designing effective blue host materials, which would be potentially 
applicable to other hole or electron transporting materials. 
 We have proposed a theoretical guideline in selecting the most suitable candidate as 
host materials using the following theoretical parameters derived from DFT and 
TD-DFT calculation; (I) The T1 state with LEc characters and the T1 energy level of 
more than 3.10 eV and 2.90 eV calculated by Δ1(T1-S0) and Δ2(T1-S0), respectively; (II) 
the band gap exhibiting more than 6.50 and 6.30 eV at the B3LYP/6-31G(d,p) and 
B3LYP/6-311++G(d,p) levels, respectively; (III) the molecular weight and the total 
volume with more than 560 g mol-1 and 530 Å3, respectively. Although CBPCY had 
been used as a host material for a green phosphorescent device by spin coating,13 it 
might be viable for a blue phosphorescent device.  
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Chapter 3 
A theoretical guideline for designing effective 
emitters for blue phosphorescent devices 
 
3.1 Introduction 
 
Development of phosphorescent emitters is crucial for organic electroluminescent 
devices. In order to generalize the way of molecular design as emitters, a guideline to 
design effective emitters for blue phosphorescent devices are presented here in terms of 
T1 energy level.  
 The ortho metalated iridium or platinum complexes exhibit metal-to-ligand charge 
transfer (MLCT) transition. This transition is different from that of the rare-earth 
complexes. The red emission of tris(2-thenoyltrifluoroacetonato)(1,10-phenanthroline) 
europium(III) (Eu(TTA)3) is determined through the transition between 4f orbitals in the 
europium atom.1 Green and blue emission is realized by replacing the central atom with 
Tb3+ and Ce3+, respectively, together with appropriate ligands. 
 fac-Tris[2-phenylpyridine]iridium(III) (fac-Ir(ppy)3) (See Fig. 3.1) is one of the most 
representative green emitters with a short phosphorescent lifetime of 1.5 μs in 2-MTHF 
at room temperature.2,3 The geometry of the tris-complexes is pseudooctahedral with C3 
symmetry.4 Among the three highest occupied orbitals (HOMO, HOMO–1 and HOMO–
2) correspond to the t2g orbitals in an octahedral complex, the HOMO is lying slightly 
higher than degenerated HOMO–1 and HOMO–2. Similarly, the LUMO is lying slightly 
lower than degenerated LUMO+1 and LUMO+2. The HOMO is composed of 5d orbital 
of iridium and π orbitals of phenyl moieties in 2-phenylpyridine (= ppy). The LUMO 
is composed of π* orbitals of pyridine moieties in ppy (See Table 3.1). The frontier 
orbitals are described in the Fig. 3.1. Unlike the case in the rare-earth complexes, the 
emission color is tunable from blue to red by changing the ligand structures. The 
extension of the π-conjugation from ppy to phenylisoquinoline, 2-(thiophen-2-yl) 
pyridine or 2-(benzo[b]thiophen-2-yl)pyridine gives red emission.3  
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compound HOMO LUMO 
N
Ir
3  
  
Figure 3.1. 3D-representations of frontier orbitals (HOMO/LUMO) for Ir(ppy)3. 
 
 
 
 
Table 3.1. Calculated orbital energies and contribution (%) to electron densities for 
Ir(ppy)3 from the Ir atom, phenyl moieties (Ph) and pyridine moieties (Py) at the B3LYP 
level. 6-31G(d,p) basis set was used for C, N and H. SDD basis set was used for Ir. 
Orbital 
 
Irreducible 
Representation 
Orbital 
Energy/eV 
Quotient (%) 
Ir Ph Py 
LUMO+1/ 
LUMO+2 
e -1.13 5.0 22.3 72.3 
LUMO a -1.22 1.5 27.0 71.0 
HOMO a -4.88 51.3 40.0 8.4 
HOMO–1/ 
HOMO–2 
e -5.01 42.8 46.8 10.0 
  
Phenyl
Pyridine
Phenyl
Pyridine
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 Among the five strategies in elevating the T1 energy level mentioned in the general 
introduction, the strategies (2)－(4) were focused on by fixing the ligand structure with 
ppys. They are as the follows：(2) using substituent effects of electron donating or 
withdrawing groups in the ppy ligands; (3) introducing an auxiliary ligand with stronger 
withdrawing character forming a heteroleptic complex; (4) using central metal ions 
different from Ir(III). 
 In order to select the promising candidates as the blue emitters, triplet energies were 
evaluated by DFT to compare the theoretical values with emission wavelengths. First, 
systematic DFT calculation of the substituent effect on the ppy moieties in the 
tris-iridium complexes was carried out. This is helpful to understand how the 
HOMO-LUMO gap is affected by substituents. Second, the influences of an auxiliary 
ligand and a central atom were investigated. This study discussed in the next section 
leads to make a guideline for the development of efficient blue phosphorescent emitters 
without using fluorine-based substituents. Taken into account these theoretical results, 
the promising candidates were proposed and the predicted emission wavelengths were 
confirmed by the experimental procedure. 
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3.2 Computational and Experimental Details 
3.2.1 Computational Details 
 
DFT was used for geometry optimization in the singlet ground (S0) and first triplet state 
(T1) state with the B3LYP functional
5,6 with SDD basis set for Ir and 6-31G(d, p) basis 
set for C, N, O, B and H. C3 symmetry was imposed on the geometry of the S0 states. 
Unrestricted Kohn-Sham orbitals were used to calculate the energetic difference 
between S0 and T1 states. 
 For the calculations above mentioned, Gaussian09 package7 was employed. The 
calculated electronic structures were analyzed using the AO-Mix program.8,9 For 
visualization of molecular structures and the orbitals, the Winmostar program was 
used.10 
 
3.2.2．Experimental Details 
 
Synthesis of Blue Emitters: Ir-46dmeo, Pt-46dmeo-4dma and Ir-46dmeo-4dma were 
synthesized in accordance with the procedure described in Appendix 3.1. We have 
confirmed the materials with 1H NMR spectra recorded on a JEOL JNM-LA400 
spectrometer and elemental analysis. 
Optical Properties: The absorption spectra were measured in dichloromethane (DCM) 
solution at the concentration of 10–5 M at room temperature. The phosphorescence 
spectra of the compounds were also measured in DCM at room temperature and in 
2-MTF matrix at 77 K. Absorption spectra was measured with a Hitachi U-3300 
spectrophotometer. Phosphorescence spectra was measured with a Hitachi F-7000 
fluorescence spectrophotometer. In the measurement of phosphorescence spectra at 77 
K, a liquid nitrogen cooling unit was equipped. 
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3.3. Theoretical Properties 
3.3.1 Substituent effect on the nature of the triplet state 
 
Systematic DFT calculations were carried out to investigate the influence of the 
emission wavelengths by introducing electron-donating and electron-withdrawing 
groups into 3',4',5', and 6'-positions in the phenyl rings and 3,4,5, and 6-positions in the 
pyridine rings as is shown in Fig. 3.2. From the calculated results, the substituent effect 
on the nature in the triplet state was elucidated.11–18 A methoxy (MEO) and a cyano 
(CN) groups were used as electron-donating (EDG) and electron-withdrawing groups 
(EWG), respectively.  
 Calculated results of the substituent effect on the nature of the triplet state in ppy of 
Ir(ppy)3 was summarized in Table 3.2. The values of ΔD(T1-S0) in comparison with that 
of Ir(ppy)3 (= 483 nm) was defined as Δ. The substituent effect was understood by the 
values of Δ. Negative and positive values of Δ represent blue and red-shifted emission, 
respectively. Table 3.2 shows the blue and red-shift of emission wavelengths is 
governed by the respective substituted positions of the electron-donating and the 
electron-withdrawing groups in ppys. In order to elevate the T1 energy level, 
electron-donating groups should be introduced on 4' and 6'-positions of the phenyl rings 
and 4-positions of the pyridine rings. The values of Δ in the 4' and 6'-positions of the 
phenyl rings were –9 (EDG-2) and –13 nm (EDG-4), respectively. The value of Δ in the 
4-positions of the pyridine rings was –14 nm (EDG-6). On the other hand, 
electron-withdrawing groups should be introduced on 3' and 5'-positions of the phenyl 
rings. The values of Δ in the 3' and 5'-positions of the phenyl rings were –8 (EWG-1) 
and –19 nm (EWG-3), respectively. 
 Table 3.3 shows the calculated HOMO and LUMO energy levels and the contribution 
to electron densities from iridium atom (Ir), phenyl (Ph) and pyridyl (Py) moieties. The 
HOMO and LUMO energy levels of Ir(ppy)3 were –4.88 and –1.22 eV, respectively. In 
the complexes of EDG-1 to EDG-8, the HOMO energy levels were elevated by 0.10 to 
0.30 eV, whereas the LUMO energy levels were elevated by 0.02 to 0.30 eV. In the 
complexes of EWG-1 to EWG-8, the HOMO energy levels were lowered by 0.41 to 
0.98 eV, whereas the LUMO energy levels were lowered by 0.43 to 1.32 eV. 
 In analyzing the substituent effect, ΔHOMO and ΔLUMO are defined as the 
difference in orbital energy between substituted iridium complexes and Ir(ppy)3, 
tabulated in Table 3.4. The values of ΔLUMO for EDG-2, 4 and 6 were about 1.5 times 
as large as that of ΔHOMO, leading to the higher ET than that of Ir(ppy)3 (See Table 3.4). 
On the other hand, the values of ΔHOMO for EWG-1 and 3 were about 1.2 times as 
52 
 
large as that of ΔLUMO, leading to the higher ET than that of Ir(ppy)3 (See Table 3.4).  
 This systematic calculation was useful to predict the emission wavelengths and to 
determine the priority for the synthesis of blue emitters. This series of calculated results 
guide us to achieve effective blue phosphorescent emitters.  
 In terms of emission efficiency, the magnitude of MLCT is another important factor 
as emitters. In the emitters which was predicted to give blue phosphorescence 
theoretically (EDG-2, 4 and 6 and EWG-1 and 3), the HOMO contributions of Ir atom 
were 47-54 %, which are comparable with that of Ir(ppy)3 (51%) as is shown in Table 
3.3. The magnitudes of MLCT of these complexes are predicted to be similar to that of 
Ir(ppy)3. 
 The ET of EDG-1 and 3 were red-shifted by 28 and 61 nm, respectively (See Table 
3.2). The HOMO contributions of Ir atom are decreased to 24–39% in comparison with 
that of Ir(ppy)3 (51%). In these complexes, emission efficiencies are predicted to be 
weakened due to the decreased magnitude of MLCT. 
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Figure 3.2 Substituent positions in Ir(ppy)3. 
 
Table 3.2 Calculated values of phosphorescent wavelengths for substituted 
Ir(III) complexes containing phenyl-pyridine ligands.  
Compound ET
a) Δb) R3' R4' R5' R6' R3 R4 R5 R6 
Ir(ppy)3 483 0 H H H H H H H H 
EDG-1 511 28 OCH3 H H H H H H H 
EDG-2 474 -9 H OCH3 H H H H H H 
EDG-3 544 61 H H OCH3 H H H H H 
EDG-4 470 -13 H H H OCH3 H H H H 
EDG-5 510 27 H H H H OCH3 H H H 
EDG-6 468 -14 H H H H H OCH3 H H 
EDG-7 495 12 H H H H H H OCH3  H 
EDG-8 485 2 H H H H H H H OCH3 
EWG-1 475 -8 CN H H H H H H H 
EWG-2 510 27 H CN H H H H H H 
EWG-3 464 -19 H H CN H H H H H 
EWG-4 495 12 H H H CN H H H H 
EWG-5 516 33 H H H H CN H H H 
EWG-6 538 55 H H H H H CN H H 
EWG-7 529 46 H H H H H H CN H 
EWG-8 479 -4 H H H H H H H CN 
All values are in nm. a) The non-adiabatic emission energy from the T1 state at the 
UB3LYP level with SDD basis set for Ir and 6-31G(d, p) basis set for C, N, O, B and H. 
b) Δ values were obtained by Δ= ET(sub-Ir)－ET(Ir(ppy)3), where ET(sub-Ir) represents 
ET values of substituted iridium complexes. 
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Table 3.3. Calculated HOMO and LUMO energy levels and contribution (%) to electron 
densities for substituted iridium(III) complexes from Ir, Ph and Py moieties at the 
B3LYP level with SDD basis set for Ir and 6-31G(d, p) basis set for C, N, O and H. 
Compound Orbital Orbital 
Energy/eV 
Quotient (%) 
Ir Ph Py 
Ir(ppy)3 LUMO -1.22 1.5 27.0 71.0 
 HOMO -4.88 51.3 40.0 8.4 
EDG-1 LUMO -1.02 1.8 21.9 75.9 
 HOMO -4.58 24.4 68.5 5.1 
EDG-2 LUMO -0.97 1.6 23.1 74.0 
 HOMO -4.72 46.5 41.5 11.1 
EDG-3 LUMO -1.20 1.6 28.4 69.5 
 HOMO -4.59 38.7 52.5 7.4 
EDG-4 LUMO -0.98 1.7 27.3 70.2 
 HOMO -4.72 52.9 38.9 8.0 
EDG-5 LUMO -1.06 1.6 24.9 72.8 
 HOMO -4.58 49.1 41.9 8.6 
EDG-6 LUMO -0.92 1.6 35.7 62.3 
 HOMO -4.67 53.5 37.8 8.4 
EDG-7 LUMO -1.16 2.9 13.3 82.7 
 HOMO -4.78 47.8 40.4 11.4 
EDG-8 LUMO -0.95 1.1 29.0 69.3 
 HOMO -4.58 55.7 37.0 7.0 
EWG-1 LUMO -1.65 1.5 32.5 65.7 
 HOMO -5.44 47.9 42.8 9.1 
EWG-2 LUMO -2.14 1.4 44.8 53.6 
 HOMO -5.72 52.1 38.9 8.8 
EWG-3 LUMO -2.06 1.6 31.5 66.5 
 HOMO -5.86 47.9 43.4 8.5 
EWG-4 LUMO -2.09 1.3 49.5 48.9 
 HOMO -5.71 53.9 36.9 8.9 
EWG-5 LUMO -2.26 2.4 11.4 86.1 
 HOMO -5.55 48.9 42.7 8.2 
EWG-6 LUMO -2.54 1.8 7.5 90.5 
 HOMO -5.67 48.2 43.1 8.4 
EWG-7 LUMO -2.35 1.0 24.5 74.2 
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 HOMO -5.65 49.1 41.2 9.4 
EWG-8 LUMO -1.81 1.2 2.0 96.5 
 HOMO -5.29 50.8 40.5 8.5 
 
Table 3.4. Changes of HOMO and LUMO energy levels in comparison with those of 
Ir(ppy)3. 
Compound ΔHOMOa) ΔLUMOa) 
EDG-2 0.16 0.25 
EDG-4 0.16 0.24 
EDG-6 0.21 0.30 
EWG-1 -0.56 -0.43 
EWG-3 -0.98 -0.84 
All values are in eV. a) ΔHOMO and ΔLUMO values were obtained by difference in 
energy between substituted iridium complexes and Ir(ppy)3. 
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 Tris (2-(4'-methoxyphenyl)pyridine) iridium complex (Ir(mppy)3)14 gave 495 nm at 
room temperature which are 19 nm blue-shifted in comparison with Ir(ppy)3 whose PL 
peaks is 514 nm. The iridium complexes with cyano groups at the 5'-position gave PL 
peaks at 464 nm which are 50 nm blue-shifted in comparison with that of Ir(ppy)3
14 This 
is a result of synergistic effect of EDG and EWG substitutions.11,12,15-18 The similar 
synergistic effect of plural EDGs is expected to be observed by the following 
substitution patterns in Fig. 3.3. Calculated results of the values of ET, Δ and 
contribution to electron densities were summarized in Table 3.5, which shows that 
introduction of plural EDGs in ppys is expected to give effective blue phosphorescence.  
 
 
Figure 3.3 Ir(ppy)3-based complexes we focused to study the substituent effect of plural 
EDGs from theoretical point of view.  
 
Table 3.5. Calculated values of phosphorescent wavelengths, HOMO and LUMO 
energy levels and contribution (%) to electron densities for substituted iridium(III) 
complexes from Ir, Ph and Py moieties at the B3LYP level. 6-31G(d,p) basis set was 
used for C, N and H. SDD basis set was used for Ir. 
Compound ET
 a) Δb) Orbital Orbital 
Energy c) 
Quotient (%) 
Ir Ph Py 
6dma 470 -13 LUMO -0.59 1.4 37.0 60.5 
HOMO -4.32 54.8 34.9 9.8 
46dmeo 465 -18 LUMO -0.72 1.8 23.2 74.0 
HOMO -4.57 50.2 38.2 11.3 
46dmeo-4dma 446 -37 LUMO -0.14 1.3 35.2 61.1 
HOMO -4.11 55.6 32.1 11.8 
a,b) Values are in nm. b) Δ values were obtained by Δ= ET(sub-Ir)－ET(Ir(ppy)3), where 
ET(sub-Ir) represents ET values of substituted iridium complexes. c) Values are in eV. 
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3.3.2 Molecular design of blue emitters 
 
Based on the theoretical results in the previous section, we try to design ortho 
metallated complexes with fluorine free ligands for blue emitters. Summarizing the 
theoretical results of substituent effect on the ppys of iridium complexes, tris-iridium 
complexes as is shown in Fig. 3.4 are expected to give effective blue phosphorescence.  
N
Ir
3
R3
R5
R3'
EDG
R5'
EDG
EDG R6
      
N
Ir
3
R3
R5
EWG
R4'
EWG
R6'
R4 R6
 
Figure 3.4 Substituent patterns for Ir(ppy)3-based complexes with high triplet energy 
from theoretical point of view. 
 
 Above results of tris-iridium complexes were applied to the iridium complexes with 
auxiliary ligands. Main ligands were fixed to 2-(2,4-dimethoxyphenyl)pyridine, which 
was found to elevate the T1 energy level in the previous section. As auxiliary ligands, a 
picolate and a tetrakis (pyrazolyl) borate (TPB) were adopted (See Fig. 3.5). Calculated 
results are shown in Table 3.6. 46dmeo-tpb gave –16nm and TPB was predicted to be 
more promising than picolate in realizing blue phosphorescence. 
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Figure 3.5 Ir(ppy)3-based complexes we focused to study the substituent effect of 
auxiliary ligands from theoretical point of view. 
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Table 3.6 Calculated values of phosphorescent wavelengths, HOMO and LUMO energy 
levels for Ir(ppy)3-based ortho metalated complexes.  
Compound ET
a) Δb) HOMOc) LUMOc) 
Ir(ppy)3 483 0 -4.88 -1.22 
46dmeo 465 -18 -4.57 -0.72 
46dmeo-pic 475 -8 -4.90 -1.38 
46dmeo-tpb (= Ir-46dmeo) 467 -16 -5.10 -1.17 
a,b) Values are in nm. b) Δ values were obtained by Δ= ET(sub-Ir)－ET(Ir(ppy)3), where 
ET(sub-Ir) represents ET values of substituted iridium complexes. c) Values are in eV. 
 
 Considering of the theoretical results obtained, the following four emitters were 
designed (See Table 3.7) and calculated the triplet energy including platinum complexes 
with an acetylacetonate (acac) ligand. They satisfy high triplet energy and is thought to 
be the suitable candidate as blue emitters (See Table 3.7). Using this results, three blue 
emitters were synthesized and the optical spectra were analyzed in the next section. The 
proposed theoretical guideline for substituent effect of emitters is applied to other ligand 
skeletons. 
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Figure 3.6 Theoretically-designed ortho metalated complexes containing ppy-ligands 
with high triplet energy. 
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Table 3.7 Calculated values of phosphorescent wavelengths, HOMO and LUMO energy 
levels for theoretically-designed ortho metalated complexes.  
Compound ET
a) Δb) HOMOc) LUMOc) 
Ir(ppy)3 483 0 -4.88 -1.22 
Pt-46dmeo 431 -52 -5.29 -1.29 
Ir-46dmeo (= 46dmeo-tpb) 467 -16 -5.10 -1.17 
Pt-46dmeo-4dma 437 -46 -5.05 -0.78 
Ir-46dmeo-4dma 440 -43 -4.78 -0.61 
a,b) Values are in nm. b) Δ values were obtained by Δ= ET(sub-Ir)－ET(Ir(ppy)3), where 
ET(sub-Ir) represents ET values of substituted iridium complexes. c) Values are in eV. 
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3.4 Experimental Properties 
 
Based on the above theoretical results, the following three novel emitters (Ir-46dmeo, 
Pt-46dmeo-4dma and Ir-46dmeo-4dma) were synthesized and the optical data were 
summarized in Table 3.8. For clarity, the theoretical results of Table 3.7 were presented 
again.  
 As is shown in Table 3.8, the 0-0 emission of Ir-46dmeo-4dma at 77 K is 446 nm, 
which is 22 nm blue-shifted than that of Ir-46dmeo. Similarly, the 0-0 emission of 
Pt-46dmeo-4dma at 77 K is 448 nm, which is almost the same values with that of 
Ir-46dmeo-4dma. In both cases, DFT calculations for emission wavelengths have shown 
favorable correlations with the experimental values. 
 
Table 3.8. Experimental optical properties and the comparison with theoretical results. 
compounds ΔD(T1–S0)a/nm λp1 b /nm λp2 c /nm 
Calc. Exp. Exp. 
Ir-46dmeo(=46dmeo-tpb) 467 475 468 
Pt-46dmeo-4dma 437 458 448 
Ir-46dmeo-4dma 440 459 446 
All values are in nm. a) The non-adiabatic emission energy from the T1 state at the 
UB3LYP level. 6-31G(d,p) basis set was used for C, N, O and H. SDD basis set was 
used for Ir. The data is taken from Table 3.7. b) Phosphorescence maximum measured in 
DCM at room temperature. c) Phosphorescence maximum measured in 2-MTHF at 
77K.  
 
 Blue phosphorescence were observed both at 77 K and room temperature. The 
absorption and phosphorescent spectra in DCM at room temperature are described in 
Figs. A3 and A4. The phosphorescent spectra in 2-methyl tetrahydrofuran glass matrix 
at 77 K are also described in Fig. A5. From the phosphorescent spectra, the character of 
the T1 states have an LE character in the T1 states. The phosphorescent spectra at 77 K 
show well-resolved vibronic structures in every emitters and the 0-0 emission were 7 – 
13 nm blue shifted in comparison with those of at room temperature. The vibronic 
modes were around 1400–1450 cm–1, the peak difference between 0-0 and 0-1 emission, 
are considered to be attributed to C-C stretching vibrations mainly from aromatic rings. 
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3.5 Conclusion 
 
Although blue emitters based on iridium complexes with ppy ligands have been 
extensively studied, 2–4,11–18 the difference of properties in the T1 state derived from the 
substituent pattern has not fully investigated. We have explored some representative 
Ir(ppy)3 derivatives to make a theoretical guideline for designing effective blue emitters. 
 We have proposed a theoretical guideline in generating the most promising candidate 
as emitters using the theoretical parameters derived from systematic DFT calculation of 
the substituted iridium complexes with ppy ligands; (I) Introducing electron donating 
groups at the 4' and 6'-positions of the phenyl rings and 4-positions of the pyridyl rings; 
(II) Introducing electron withdrawing groups at the 3' and 5'-positions of the phenyl 
rings. They are predicted to emit blue phosphorescence. In the case of (I), introducing 
TPB as an auxiliary ligand was found to be promising in realizing blue 
phosphorescence. 
 Among the proposed structures, three emitters were synthesized and confirmed 
theoretical proposal. They exhibited blue phosphorescence and they might be viable for 
a blue phosphorescent device. In terms of emission efficiency, theoretical calculations 
for the magnitude of MLCT is helpful in selecting more appropriate candidates. We 
believe that this qualitative guideline is helpful to save experimental cost in the 
development of effective blue emitters. 
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Chapter 4 
General Conclusion  
 
4.1 Summary of the thesis 
 
In this thesis, we have carried out DFT and TD-DFT calculations to make theoretical 
guidelines of host materials and emitters for blue phosphorescent devices. Obtained 
guidelines based on the theoretical approach were confirmed and refined through 
experimental procedure. The sophisticated guidelines are useful to predict the physical 
properties of the materials for OLED.  
 Although blue host materials based on 4,4′-bis(9-carbazolyl)-1,1′-biphenyl (CBP) 
derivatives have been extensively studied as is shown in the general introduction, the 
difference of properties in the excited state derived from the substituent pattern has not 
fully investigated. As a result, an effective CBP derivative that theoretically designed 
does not appear at all. Thus, we have revisited some representative CBP derivatives to 
make a theoretical guideline for designing effective blue host materials. 
 We have proposed a theoretical guideline in selecting the most suitable candidate as 
host materials using the following theoretical parameters derived from DFT and 
TD-DFT calculation; (H-I) The T1 state with LEc characters and the T1 energy level of 
more than 3.10 eV and 2.90 eV calculated by Δ1(T1-S0) and Δ2(T1-S0), respectively; 
(H-II) the band gap exhibiting more than 6.50 and 6.30 eV at the B3LYP/6-31G(d,p) 
and B3LYP/6-311++G(d,p) levels, respectively. (H-III) the molecular weight and the 
total volume with more than 560 g mol-1 and 530 Å3, respectively. 
 In the host materials, among the seven CBP derivatives designed to elevate the ET, a 
guideline was proposed in terms thermal and optical properties, and 
1,1-bis(4-(9-carbazolyl)- phenyl) cyclohexane (CBPCY) was selected as the most 
promising candidate for blue host materials. Tg of CBPCY is more than 100 °C and the 
energy of the T1 state with the LEc character exhibits as high as 3.00 eV. 
 As for phosphorescent emitters, in order to overcome the drawbacks of the short 
operational lifetime of blue emitters, Ir(ppy)3-based emitters with fluorine-free ligands 
were explored to make a theoretical guideline in generating the most promising 
candidate of blue emitters through systematic DFT calculations. As a result, the most 
promising fluorine-free substituent patterns for blue emission were proposed; 
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(D-I) Introducing electron donating groups at the 4' and 6'-positions of the phenyl rings 
and 4-positions of the pyridyl rings; (D-II) Introducing electron withdrawing groups at 
the 3' and 5'-positions of the phenyl rings. In the case of (D-I), introducing TPB as an 
auxiliary ligand was found to be promising in realizing blue phosphorescence. Then 
three novel emitters were synthesized based on the theoretical guideline and they emit 
blue phosphorescence experimentally. 
 Although the quantitative prediction at the present calculation level is more or less 
unreliable, qualitative prediction seems to be feasible. Indeed, the most viable material 
in the target molecules which are treated in this study agrees with the experimental 
results. We believe that the qualitative guidelines proposed in this thesis are helpful to 
save experimental cost in the development of effective blue host materials and emitters 
for blue phosphorescent devices. 
 
4.2 Further study for more efficient development of OLED 
materials 
 
Besides the emission wavelengths, the emission efficiency is another important factor 
for the emitters. Exploring the decisive factors for radiative and non-radiative decay 
processes is essential for designing effective blue emitters. The study for decisive 
factors of radiative and non-radiative decay rate constants are discussed in the 
following. 
 Ortho metalated complexes emit phosphorescence at room-temperature, which is 
derived from mixing of the excited triplet state with the excited singlet state. The 
mixing is promoted by the strong spin–orbit coupling (SOC) due to the heavy central 
metal.1–3 In the MLCT transition, the lowest excited triplet state split into three different 
sublevels (Sz = –1, 0, +1) through the SOC. The difference in energy among the 
sublevels of T1 is the zero field splitting, which is one of the indicators of the magnitude 
of the SOC. The Amsterdam Density Functional package was employed to calculate the 
phosphorescent property through TD-DFT calculation using the zeroth-order regular 
approximation (ZORA) Hamiltonian.4,5 J. M. Younker et al. used the ADF package 
(ADF 2012.01) calculated the radiative decay rate constants for ortho metalated Ir 
complexes at the TD-B3LYP/TZP:DZP level of the theory using the S0 optimized 
structures.6 This calculation for radiative decay rate constants gave favorable 
correlations with the experimental values.6 Similar calculations by ADF are performed 
by Mori et al.7 They suggested that the inclusion of full SOC and solvation effects was 
important in quantitative prediction of zero field splitting and phosphorescent lifetime 
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of transition metal complexes. They used the symmetry lowered T1 optimized structures 
in obtaining the physical properties. Including this series of calculations for the radiative 
decay rate constant will promote the speedy and reliable development of OLED 
materials. 
 G. Treboux et al.8 calculated the potential energy curve for the T1 states along the 
rotation angle for the Ir–N bond of fac-Ir(ppy)3 and fac-tris[2-phenylpyrazole] 
iridium(III) (fac-Ir(ppz)3) using DFT calculation at the B3LYP/6-31G(d) level. Although 
Ir(ppz)3 has high triplet energy level, the non-radiative d–d state becomes more stable 
than the MLCT state when the pyrazole ring is twisted in the T1 state, giving the 
non-emissive character at room temperature. Therefore, it is necessary to consider the 
relationship in energy between the radiative MLCT and the non-radiative d–d states. 
However, the theoretical approach for revealing the non-radiative decay rate constant is 
very difficult and clarifying the detail mechanism is our future work.  
 
4.3 Future role of computational chemistry 
 
During the past two decades, computational chemistry has advanced. At the same time, 
recent evolution in Information and Communication Technology (ICT) enables easy 
access to large volume of data. Owing to the advanced progress of ICT, the 
computational chemistry is getting the power of generating huge amount of scientific 
data. Machine learning and artificial intelligence (AI) are recognized as powerful tools 
for analyzing “Big Data” and improving “Data Science”. This new technology has 
brought about a new field of science, “Materials Informatics“ (MI). 
 Collaborated with statistical analysis of theoretical and experimental data, MI aims to 
high-speed invention of materials with desired properties through quick and easy access 
to the target molecules among an infinite number of compounds.9–11 Theoretically 
designed chemical compounds will reproduce the experimental physical properties 
perfectly near future. The in-silico-first material design will contribute to significant 
decrease the development period of materials with desirable properties. The perfection 
of in-silico-first technology will lead us to better future for material science. 
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Appendix for Chapter 2 
 
A2.1 Synthetic procedures for host materials 
CBPE, CBPDM, oCBP, CDPBP and CBPCY were synthesized in the following manner. 
A2.1.1 Synthesis of CBPE 
Bis(dibenzylideneacetone)palladium(0) (1.0 g, 1.7 mmol), P(tBu)3(1.5 g, 7.4 mmol), 
and 40 mL of dry toluene under a nitrogen atmosphere were stirred at room temperature. 
Then 4,4'-diaminodiphenyl ether (2.9 g, 14.6 mmol), 2,2'-dibromobiphenyl (10.0 g, 32.1 
mmol) and sodium tert-butoxide (6.2 g, 64.5 mmol) were added and heated to be 
refluxed. After stirring for 4.5 hr at reflux temperature, the reaction mixture was filtered 
and extracted. The crude product was purified by column chromatography eluting with 
9:1 cyclohexane:toluene to yield 4.0 g (55%) of CBPE.  
CBPE: 1H NMR, 400 MHz, CDCl3, δ (ppm) 8.15 (d, J = 7.6 Hz, 4H), 7.59 (d, J = 8.8 
Hz, 4H), 7.45-7.41(m, 8H), 7.35 (d, J = 8.8 Hz, 4H), 7.32-7.28(m, 4H). 13C NMR, 100 
MHz, CDCl3, δ (ppm) 156.1, 141.1, 133.1, 128.8, 126.0, 123.3, 120.4, 120.2, 119.9, 
109.6. Anal. calcd for C36H24N2O (%): C 86.38, H 4.83, N 5.60, O 3.20; found: C 86.08, 
H 4.70, N 5.59. 
A2.1.2 Synthesis of CBPDM 
2,2-bis(4-aminophenyl)propane (4.3 g, 19.0 mmol) and 130 mL of H2O were cooled 
with water bath. Then 7.0 mL of concentrated H2SO4 was added and cooled with 
ice-water bath. The solution of NaNO2 (2.9 g, 41.7 mmol) and 10.0 ml of H2O was 
added through the dropping funnel under 5 °C. After stirring for 30 min, the reaction 
mixture was added to aqueous KI (7.9 g, 47.7 mmol) solution, then copper powder (45 
mg) was added and heated to 80 °C. The reaction mixture was cooled and extracted  
The crude product was purified by silica gel column chromatography eluting with 
hexane, then 3.8 g (44%) of 2,2-bis(4-iodophenyl)propane was obtained as colorless 
solid (1H NMR, 400 MHz, CDCl3, δ (ppm) 7.56(d, J = 8.5 Hz, 4H), 6.92(d, J = 8.5 Hz, 
4H), 1.59(s, 6H)). Pd(OAc)2 (225 mg, 1.0 mmol), P(tBu)3(815 mg, 4.0 mmol), 60 mL of 
dry xylene under a nitrogen atmosphere were stirred at room temperature. Then 
2,2-bis(4-iodophenyl)propane (3.60 g, 8.0 mmol), carbazole(3.0 g, 17.7 mmol) and 
sodium tert-butoxide(1.9 g, 19.3 mmol) were added and heated to be refluxed. After 
stirring for 8 hr at reflux temperature, the reaction mixture was filtered and extracted. 
The crude product was purified by column chromatography eluting with 3:1 
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cyclohexane:toluene to yield 2.0 g (47%) of CBPDM.  
CBPDM : 1H NMR,400 MHz, CDCl3, δ (ppm) 8.15(d, J = 8.0 Hz, 4H), 7.53(dd, J = 8.8 
Hz, 8H), 7.46(d, J = 7.6 Hz, 4H), 7.41(t, J = 6.8 Hz, J = 6.8 Hz, 4H), 7.28(t, J = 6.8 Hz, 
J = 8.0 Hz, 4H), 1.88(s,6H). 13C NMR, 100 MHz, CDCl3, δ (ppm) 149.5, 140.9, 135.4, 
128.2, 126.7, 125.9, 123.3, 120.3, 119.8, 109.9, 43.0, 31.0. Anal. calcd for C39H30N2 
(%): C 88.94, H 5.74, N 5.32; found: C 88.97, H 5.62, N 5.34. 
A2.1.3 Synthesis of oCBP 
Bis(dibenzylideneacetone)palladium(0) (400 mg, 0.7 mmol), P(tBu)3(622 g, 3.1 mmol), 
80 mL of dry toluene under a nitrogen atmosphere were stirred at room temperature. 
Then 2,2'-diaminobiphenyl (0.90 g, 4.9 mmol), 2,2'-bromobiphenyl (3.0 g, 9.6 mmol) 
and sodium-tert-buthoxide (1.00 g, 10.4 mmol) were added and heated to be refluxed. 
After stirring for 5 hr at reflux temperature, the reaction mixture was filtered and 
extracted. The crude product was purified by column chromatography eluting with 5:1 
hexane:ethyl acetate to yield 0.95 g (40%) of oCBP.  
oCBP: 1H NMR, 400 MHz, CDCl3, δ (ppm) 7.86 (d, J=8.4 Hz, 4H), 7.72 (d, J = 5.9 Hz, 
4H), 7.51−7.46 (m, 4H), 7.30−7.26 (m, 4H),7.04−6.91(m, 8H). 13C NMR, 100 MHz, 
CDCl3, δ (ppm) 140.4, 137.9, 136.1, 133.4, 129.0, 128.9, 128.1, 125.0, 123.7, 119.5, 
119.4, 110.1. Anal. calcd for C36H24N2 (%): C 89.23, H 4.99, N 5.78 ; found: C 88.99, H 
4.87, N 5.81. 
A2.1.4 Synthesis of CDPBP 
1-Iodo-2-phenyl-4-nitrobenzene, 4,4'-Dinitro-2,2'-diphenylbiphenyl and 
4,4'-Diamino-2,2'-diphenylbiphenyl were prepared based on the procedure in the 
references A1 and A2. The obtained 4.0 g of 4,4'-Diamino-2,2'-diphenylbiphenyl and 87 
mL of H2O were cooled with water bath. Then 4.6 mL of concentrated H2SO4 was 
added and cooled with ice- water bath. The solution of NaNO2 (1.9 g, 27.7 mmol) and 
6.2 ml of H2O was added through the dropping funnel under 5 °C. After stirring for 30 
min, the reaction mixture was added to aqueous KI (5.2 g, 31.5 mmol) solution, and 
heated to 80 °C. The reaction mixture was cooled and extracted. The crude product was 
purified by silica gel column chromatography eluting with hexane, then the 4.8g of 
4,4'-Diiodo-2,2'-diphenylbiphenyl was obtained as pale orange powder. Pd(OAc)2 (236 
mg, 1.1 mmol), P(tBu)3 (815mg, 4.0 mmol), 90 mL of dry xylene under a nitrogen 
atmosphere were stirred at room temperature. Then 4,4'-Diiodo-2,2'-diphenylbiphenyl 
(4.5g, 8.1 mmol), carbazole (3.0 g, 17.9 mmol) and sodium tert-butoxide (1.85 g, 19.3 
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mmol) were added and heated to be refluxed. After stirring for 8 hr at reflux temperature, 
the reaction mixture was filtered and extracted. The crude product was purified by 
recrystallized from toluene, to yield 2.9 g (56%) of CDPBP. 
CDPBP: 1H NMR, 400 MHz, CDCl3 , δ(ppm) 8.16(d, J = 7.6 Hz, 4H), 7.79(d, J = 8.8 
Hz, 2H),7.64(d, J = 7.6 Hz, 2H), 7.50-7.44(m, 10H), 7.32(t, J =6.8 Hz, 8.0 Hz, 4H), 
7.17(t, J = 6.8 Hz, 8.0 Hz, 2H), 7.09(t, J = 8.0 Hz, 7.6 Hz, 4H), 6.75(d, J = 6.8 Hz, 4H). 
13C NMR, 100 MHz, CDCl3, δ (ppm) 142.9, 140.8, 139.8, 138.5, 137.2, 133.0, 129.2, 
128.4, 127.7, 126.7, 126.0, 125.6, 123.5, 120.4, 120.0, 109.8. Anal. calcd for C48H32N2 
(%): C 90.54, H 5.07, N 4.40; found: C 90.68, H 4.95, N 4.43. 
 
A2.1.5 Synthesis of CBPCY 
1,1-bis(4-iodophenyl)cyclohexane was prepared according to the procedure in the 
references A3. Pd(OAc)2 (200 mg, 0.9 mmol), P(tBu)3(621mg, 3.1 mmol), 60 mL of dry 
xylene under a nitrogen atmosphere were stirred at room temperature. Then 
1,1-bis(4-iodophenyl)cyclohexane (3.0 g, 6.2 mmol), carbazole (2.0 g, 12.0 mmol), and 
sodium tert-butoxide (1.6 g, 16.7 mmol) were added and heated to be refluxed. After 
stirring for 8 hr at reflux temperature, the reaction mixture was filtered and extracted. 
The crude product was purified by column chromatography eluting with 4:1 
hexane:toluene, to yield 1.8 g (52%) of CBPCY.  
CBPCY : 1H NMR, 400 MHz, CDCl3, δ (ppm) 8.14(d, J = 7.8 Hz, 4H), 7.59(d, J = 8.8 
Hz, 4H), 7.54(d, J = 8.8 Hz, 4H),7.46(d, J = 8.8 Hz, 4H), 7.41(t, J = 6.8 Hz, 7.8Hz, 4H), 
7.28(t, J = 6.8 Hz, 7.8Hz, 4H), 2.46(s, 4H), 1.73(s, 4H), 1.63(s, 2H). 13C NMR, 100 
MHz, CDCl3, δ (ppm) 147.4, 142.9, 135.2, 128.6, 126.8, 125.9, 123.3, 120.3, 119.8, 
109.9, 46.3, 37.4, 26.5, 23.0. Anal. calcd for C42H34N2 (%): C 89.01, H 6.05, N 4.94 ; 
found: C 89.20, H 5.92, N 4.99. 
 
A2.2 Natural Transition Orbital (NTO) analysis 
Although the excited property can be roughly predicted by the electron distribution in 
HOMO and LUMO (See Fig. 2.3), the NTO analysis based on optimized structures in 
T1 states were carried out in order to characterize electronic transition from S0 states 
clearly. The results were summarized in Fig. A1, where  is a contribution factor of the 
pair in the excitation. For the host materials of CBPCY, hole-electron pair of the NTOs 
corresponds to a localized transition within the carbazole moiety. This consists with the 
results of Kohn-Sham HOMO and LUMO orbitals, which shows an LE character from 
carbazole moiety. The results of Kohn-Sham HOMO and LUMO orbitals for CBP, 
mCBP, and oCBP based on the ground state show the CT excitation from biphenyl to 
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carbazole. However, the NTO analysis shows the transition is localized within the 
biphenyl or carbazole moiety. In the case of mCBP, planarization in biphenyl affects the 
nature of the transition to the T1 state. In this case, the spectra of an LE character within 
a biphenyl moiety can be expected to be the similar spectra of CBP. In the case of oCBP, 
the conjugation in the biphenyl was completely broken by the deformation due to steric 
hindrance between ortho-substituted carbazoles, that gives rise to the LE transition 
within the carbazole. 
 
 Hole Electron 
CBP 
 
 
0.96 
mCBP 
 
 
0.94 
oCBP 
  
0.94 
CBPCY 
 
 
0.94 
Fig. A1. 3D-representations of the pairs of NTO for the transition from the S0 state to 
the T1 state of each molecule at the TD-DFT/LC-BLYP/6-31G(d,p) level. The values of 
λ are the contribution factor of the pair in the excitation. 
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A2.3 Contribution to electron densities from Ph and Cz moieties 
Table A1. Contribution (%) to electron densities from Ph and Cz moietyies at the 
B3LYP/6-311++G(d,p) level including solvent effect of THF. 
Compound Orbital 
 
Quotient (%) 
Ph Cz 
CBP LUMO+1 0.9 99.1 
 LUMO 91.4 8.6 
 HOMO 18.5 81.5 
 HOMO–1 7.6 92.4 
CDBP LUMO+1 10.3 89.8 
 LUMO 1.7 98.3 
 HOMO 10.3 89.7 
 HOMO–1 0.8 99.2 
CDPBP LUMO+1 2.8 97.2 
 LUMO 96.3 3.7 
 HOMO 18.4 81.6 
 HOMO–1 7.4 92.6 
mCBP LUMO+1 1.9 98.1 
 LUMO 96.7 3.3 
 HOMO 11.1 88.9 
 HOMO–1 8.7 91.3 
oCBP LUMO+1 6.5 93.5 
 LUMO 92.4 7.6 
 HOMO 3.2 96.8 
 HOMO–1 3.8 96.2 
CBPE LUMO+1 1.2 98.8 
 LUMO 2.2 97.8 
 HOMO 17.0 83.0 
 HOMO–1 7.8 92.2 
CBPDM LUMO+1 1.1 98.9 
 LUMO 1.0 99.0 
 HOMO 14.0 86.0 
 HOMO–1 9.1 90.9 
CBPCY LUMO+1 1.3 98.7 
 LUMO 1.0 99.0 
 HOMO 14.5 85.5 
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 HOMO–1 9.1 90.9 
 
A2.4 Orbital energies 
Table A2. Calculated orbital energies by B3LYP/6-311++G(d,p) including solvent effect 
of THF. 
Compound Orbital  
 
Irreducible 
Representation 
Orbital Energy/eV 
CBP LUMO+3 b -0.93 
 LUMO+2 b -1.29 
 LUMO+1 a -1.29 
 LUMO b -1.57 
 HOMO a -5.75 
 HOMO-1 b -5.88 
 HOMO-2 a -6.23 
 HOMO-3 b -6.23 
CDBP LUMO+3 b -0.92 
 LUMO+2 a -0.95 
 LUMO+1 b -1.28 
 LUMO a -1.28 
 HOMO b -5.80 
 HOMO-1 a -5.81 
 HOMO-2 a -6.21 
 HOMO-3 b -6.21 
CDPBP LUMO+3 a -1.22 
 LUMO+2 a -1.28 
 LUMO+1 b -1.29 
 LUMO a -1.59 
 HOMO b -5.76 
 HOMO-1 a -5.86 
 HOMO-2 a -6.22 
 HOMO-3 b -6.22 
mCBP LUMO+3 b -1.02 
 LUMO+2 a -1.29 
 LUMO+1 b -1.29 
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 LUMO a -1.53 
 HOMO b -5.83 
 HOMO-1 a -5.84 
 HOMO-2 b -6.22 
 HOMO-3 a -6.22 
oCBP LUMO+3 a -0.88 
 LUMO+2 b -1.28 
 LUMO+1 a -1.31 
 LUMO a -1.48 
 HOMO b -5.88 
 HOMO-1 a -5.92 
 HOMO-2 b -6.20 
 HOMO-3 a -6.22 
CBPE LUMO+3 a -1.06 
 LUMO+2 a -1.14 
 LUMO+1 b -1.29 
 LUMO a -1.29 
 HOMO b -5.77 
 HOMO-1 a -5.85 
 HOMO-2 b -6.22 
 HOMO-3 a -6.22 
CBPDM LUMO+3 a -0.86 
 LUMO+2 a -0.96 
 LUMO+1 a -1.27 
 LUMO b -1.27 
 HOMO b -5.76 
 HOMO-1 a -5.82 
 HOMO-2 b -6.21 
 HOMO-3 a -6.21 
CBPCY LUMO+3 a -0.88 
 LUMO+2 a -1.04 
 LUMO+1 a -1.27 
 LUMO a -1.27 
 HOMO a -5.75 
 HOMO-1 a -5.81 
 HOMO-2 a -6.20 
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 HOMO-3 a -6.20 
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A2.5 Incident photon spectra 
We have measured incident photon spectra as shown in Fig. A2 to obtain the energy for 
ionization potential. 
Fig. A2. Yields against incident photon energies for blue hosts and obtained 
IPs by AC-3. 
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Appendix for Chapter 3 
A3.1 Synthetic procedures for emitters. 
Three emitters of Ir-46dmeo, Pt-46dmeo-4dma and Ir-46dmeo-4dma were synthesized 
in the following manner. Ortho-metalating ligands of 2-(2,4-dimethoxyphenyl)pyridine 
and 2-(2,4-dimethoxyphenyl)-4-dimethylaminopyridine were prepared based on the 
procedure in the reference A4. 
A.3.1.1 Synthesis of Platinum complexes 
 In the synthesis of platinum complexes, the Pt(II) µ-dichloro-bridged dimers were 
prepared by heating K2PtCl4 and 2.3-equiv of ortho-metalating ligand 
(2-(2,4-dimethoxyphenyl)pyridine) in a 3:1 mixture of 2-ethoxyethanol and water for 6 
hr at 80 °C. Then, the isolated dimers were reacted with 4-equiv of 
2,2,6,6-tetramethylheptane-3,5-dione and Na2CO3 in 2-ethoxyethanol for 7 hr at 100 °C. 
The crude product was purified by column chromatography eluting with 1:1 
dichloromethane:hexane to yield 0.2 g (22%) of Pt-46dmeo-4dma. 
Pt-46dmeo-4dma: 1H NMR, 400 MHz, CD2Cl2, δ (ppm) 8.38 (d, J = 6.8 Hz, 1H), 
7.60(d, J = 3.0 Hz, 1H), 6.82(s, 1H), 6.31(dd, J = 6.8 Hz, 2.9 Hz, 1H), 6.22(s, 1H), 
5.77(s, 1H), 3.91(s, 3H), 3.84(s, 3H), 3.09(s, 6H), 1.26(s, 9H), 1.25(s, 9H). Anal. calcd 
for C26H36N2O4Pt (%): C 49.13, H 5.71, N 4.41; O 10.07, Pt 30.69, found: C 49.21, H 
5.94, N 4.43. 
 
A.3.1.2 Synthesis of Iridium complexes 
 In the synthesis of iridium complexes, the Ir(III) µ-dichloro-bridged dimers were 
prepared by heating iridium(III) chloride hydrate and 2.3-equiv of ortho-metalating 
ligands (2-(2,4-dimethoxyphenyl)pyridine or 2-(2,4-dimethoxyphenyl)-4-dimethyl 
aminopyridine) in a 3:1 mixture of 2-ethoxyethanol and water for 7 hr at 80 °C. Then, 
the isolated dimers were reacted with 2.5-equiv of CF3CO2Ag in dichloromethane for 1 
hr at room temperature. The reaction mixture was subsequently reacted with 3-equiv of 
sodium tetrakis(1-pytazolyl) borate in acetonitrile for 7 hr at 100 °C. The crude product 
was purified by column chromatography eluting with dichloromethane to yield 0.4 g 
(20%) of Ir-46dmeo and 0.25 g (11%) of Ir-46dmeo-4dma. 
 
Ir-46dmeo: 1H NMR, 400 MHz, CD2Cl2, δ (ppm) 8.49 (d, J = 7.8 Hz, 2H), 7.63(s, 2H), 
7.50(t, J = 7.8 Hz, 8.8 Hz, 2H), 7.22(d, J = 3.9 Hz, 2H), 7.04(s, 2H), 6.97(s, 2H), 6.59(t, 
J = 5.9 Hz, 2H), 6.21(d, J = 2.9 Hz, 2H), 6.14(dd, J = 12.7 Hz, 6.1 Hz, 4H), 6.02(s, 2H), 
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5.25(s, 2H), 3.90(s, 6H), 3.45(s, 6H). Anal. calcd for C38H36BIrN10O4 (%): C 50.72, H 
4.03, B 1.20, Ir 21.36, N 15.57; O 7.11, found: C 50.80, H 4.25, N 15.61. 
Ir-46dmeo-4dma: 1H NMR, 400 MHz, CD2Cl2, δ (ppm) 7.83 (s, 2H), 7.61(s, 2H), 
6.99(s, 2H), 6.95(s, 2H), 6.76(d, J = 6.84 Hz, 2H), 6.24(s, 2H), 6.10(dd, J = 8.8 Hz, 1.9 
Hz, 4H), 6.04(s, 2H), 5.90(dd, J = 6.8 Hz, 2.9 Hz, 2H), 5.45(s, 2H), 3.90(s, 6H), 3.52(s, 
6H), 3.04(s,12H). 
 
A3.2 Phosphorescent and absorption spectra 
 
Absorption spectra were measured as shown in Fig. A3 and phosphorescence spectra 
were measured as shown in Figs. A4 and A5. 
 
 
Fig. A3. Absorption spectra measured in DCM at room temperature.   
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Fig. A4. Phosphorescent spectra measured in DCM at room temperature. 
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Fig. A5. Phosphorescent spectra measured in 2-MTF glass matrix at 77 K. 
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